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ABSTRACT. 
A number of sequential interpenetrating polymer networks (IPNs) were synthesised 
and characterised. The materials were prepared using epoxidised natural rubber 
(ENR) with 25 mole percent (ENR 25) or 50 mole percent (ENR 50) epoxy content 
with the second polymer component being either poly( methyl methacrylate) 
(PMMA), poly( ethyl methacrylate) (PEMA) or poly(butyl methacrylate) (PBMA). 
In the case of ENR 25/PMMA IPN s, materials with different composition ratios 
and crosslink densities in the elastomer and plastomer constituents were prepared. 
Attempts were made to produce grafted IPNs by copolymerising methacrylic acid 
(MAA) with the second polymer component. The morphology of the IPNs was 
determined using dynamic mechanical thermal analysis (DMT A), transmission 
electron microscopy (TEM) and modulated-temperature differential scanning 
calorimetry (MTDSC). The mechanical properties were investigated using tensile 
testing. 
IPNs of ENR 25/PMMA were immiscible at all composition ratios and crosslink 
densities. 50/50 full IPNs were found to give the best combination of properties. 
There was no improvement in miscibility with the incorporation of MAA. As the 
size of the alkyl group in the second polymer component was increased, more 
miscibility was observed in the ENR 25 IPNs. The ENR 25/PEMA 50/50 IPN still 
showed two distinct Tgs, but these were shifted inward by about 42°C. This IPN 
also exhibited slightly higher tan cS inter-transition values. The ENR 25/PBMA 
50150 IPN gave a broad transition with a value of the loss factor ::>: 0.3 spanning a 
temperature range of 80°C. 
The ENR 50/PMMA 50150 IPN was also immiscible. The ENR 50/PEMA 50150 
IPN showed improved miscibility with a broad transition and value of loss factor ::>: 
0.3 spanning a temperature range of 105°C. Further improved miscibility was 
observed in the ENR 50/PBMA 50!50 IPN as shown by the significantly shifted 
Tgs and loss factor values of::>: 0.3 over a 75°C temperature range. 
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INTRODUCTION AND OBJECTIVES 
CHAPTER! 
INTRODUCTION AND OBJECTIVES 
1.1 Introduction 
Polymers are used in wide ranging applications that run the gamut from the humble 
household buckets, to electrical components, to biomedical products and to high 
temperature engineering parts (I). In fact, polymers in various forms are replacing 
conventional materials like wood and metals in many applications. The search for 
new polymers and new applications is a never-ending quest. 
However, the development of a new polymer<2l is a slow and very costly undertaking. 
Consequently, much attention is now being focused on tailoring existing polymers to 
fit required specifications. One way of achieving this is by combining two or more 
homo-polymers with different properties to yield synergistic effects (3). The end 
properties of such multi-component polymer systems do not solely depend on the 
properties of the constituent polymers, but also on the mode of combination. 
The oldest way of physically combining two or more linear polymers is by 
mechanical blending. This can be done in the molten state using the extruder C4l or 
by mixing two polymer solutions and drying the mixture. Rubber-toughened plastics 
for the improvement of impact resistance are well-known examples of polymer 
blends at work csJ. 
In copolymerisation (6), on the other hand, polymer chains or corresponding 
monomers are linked together chemically via covalent bonds. The different types of 
copolymers (6) are statistical, alternating, block and graft. Thermoplastic elastomers 
have been produced using block copolymerisation technology <6l, whilst graft 
copolymerisation has been used to impregnate wood with polymer to make durable 
knife handles (7). 
Interpenetrating polymer networks (IPNs) is another class of multi-component 
polymer system. In IPNs (B)' the constituent polymers exist as crosslinked networks, 
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which interpenetrate one another. In ideal IPNs <9l, there are no covalent bonds 
between the polymer networks. The present study involved a type ofiPN. 
IPN technology is a fast growing area of polymer technology <8l. This is because 
IPNs represent a unique multi-component polymer material. Most multi-component 
polymer systems exhibit phase separation ooJ_ This is not completely undesirable. In 
fact, some of the special properties of polymer blends are due to this dual phase 
nature (10) However, the ability to control phase separation in a material means that 
the morphology of that material can be manipulated <8) The advantage that IPNs 
have over physical blends, block and graft copolymers is that the presence of 
crosslinks gives an added control of morphology C8l. Since there is a direct link 
between the morphology (10l and the properties of any material, this equates to better 
control of the properties of IPNs. The utilisation of these properties has led to IPNs 
being used in such diverse products as tough plastics C!l), sound- and vibration-
damping compounds 02\ ion-exchange resins <8l and artificial teeth (SJ_ 
Given the current interest in IPNs, it is hardly surprising that many studies are being 
conducted on various aspects of IPNs and using different combinations of polymers. 
The volume of patents and papers being published on IPNs is testimony to this <13-18l. 
1.2 Objectives oftbe Present Study 
The first objective of the present study was to prepare IPNs of epoxidised natural 
rubbers (ENRs) and alkyl methacrylates using the sequential method. The two 
commercially available ENRs, that is with 25 mole percent epoxidation (ENR 25) 
and 50 mole percent epoxidation (ENR 50) were used. These elastomers have not 
been used in IPN preparation before. The introduction of 25 mole percent and 50 
mole percent epoxy groups into the natural rubber (NR) backbone was reported to 
have changed certain properties of the NR <19l. It was expected that IPNs of ENRs 
would exhibit properties different from those of their urunodified natural rubber 
counterparts. Exhibiting higher hysteresis <19l, one of the applications mooted for 
ENRs is as damping material. IPNs too, are suitable for damping purposes <8l by 
virtue of the morphology that can be achieved in them. Thus, it was thought 
2 
appropriate that IPNs based on ENRs should be studied. Methyl methacrylate 
(MMA), ethyl methacrylate (EMA) and n-butyl methacrylate (BMA) were chosen as 
the second monomers because they are simple vinyl monomers, which can be easily 
polymerised by free radical polymerisation. The combinations ENR/poly(methyl 
methacrylate) (PMMA), ENR/poly(ethyl methacrylate) (PEMA) and ENR/poly(butyl 
methacrylate) (PBMA) were expected to provide comparison between immiscible 
and semi-miscible polymer pairs based on their solubility parameters oo.I9.2°l. 
Complete miscibility was not the goal in this work. These polymers also have glass 
transition temperatures (Tgs) <20) higher than those of the ENRs (21). This was 
essential for the development of a wide damping range, as energy attenuation was the 
targeted application of these IPNs. 
The second objective was to react the epoxy groups in the ENRs with a co-monomer 
in the plastomeric network in an attempt to produce grafted IPNs. Of interest here, 
was how inter-network interaction could influence phase separation. Methacrylic 
acid (MAA) was used as the co-monomer because it copolymerised well with MMA 
(20J and provided the carboxylic group to react with the epoxy groups. The effects of 
grafting on the morphology and properties of the IPNs were studied. Besides 
grafting, the effects of IPN compositions and crosslink densities in both polymer 
networks were also investigated. 
The final objective was to characterise all the IPNs by dynamic mechanical thermal 
analysis (DMT A), modulated-temperature differential scanning calorimetry 
(MTDSC), tensile measurement and transmission electron microscopy (TEM). 
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BACKGROUND AND LITERATURE REVIEW 
2.1 Interpenetrating Polymer Networks 
In the case where an individual polymer might have a desirable property, but is 
lacking in another, the shortcoming may be overcome by combining it with another 
suitable polymer. Poly(vinyl chloride) is an inexpensive, fire-retardant, chemically 
inert when stabilised and rigid, but brittle, polymer. Its impact properties are 
improved by melt blending it with chlorinated polyethylene without adversely 
affecting the other properties <22)_ When this is done, a multi-component polymer 
system is obtained. There are several ways of producing such a system; the more 
common methods using two polymers are illustrated in Figure 2. L 
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Common ways of combining two polymers<10i. (a) polymer blend, 
(b) graft copolymer, (c) block copolymer, (d) IPN and (e) semi-IPN. 
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A polymer blend c1o) is obtained by physically mixing two linear polymers. 
Attaching one polymer type onto the chain of another polymer produces a graft 
copolymer CIO). When different polymer chains are joined end to end, we get a block 
copolymerC10). In an ideal IPN, two polymer networks interpenetrate without any 
covalent link between the two networksc8•9) However, a semi-IPN (10) is a 
combination of one network polymer with a linear polymer. Most polymer/polymer 
mixes exhibit a two-phase morphology due to the thermodynamic immiscibility of 
polymers(23). In the special case of IPNs, phase separation can be controlled by the 
presence of cross! inks (S). 
2.1.1 Definition 
Sperling CS) defined IPNs simply as a combination of two or more polymers in 
network form that are synthesised in juxtaposition. The more common IPNs are 
made of two polymers. In such a case, a semi-IPN would comprise one polymer in 
network form while the other is in linear form. In the ideal situation, there are no 
chemical links between the two polymer networks. 
Classically, polymer chains in an IPN system were crosslinked into networks only by 
chemical bonds. This is no longer true. In thermoplastic IPNs (TIPNs) c10), chains 
are held together by physical links. Block copolymer morphologies, ionic groups 
and semi-crystallinity (10) can achieve physical crosslinking. The nature of these 
crosslinks imparts special properties (IO) to these TIPNs, whereby they flow at high 
processing temperatures as in a thermoplastic, but are physically crosslinked and 
behave like a thermoset at application temperature. 
2.1.2 History ofiPNs 
Aylsworth Cll) was credited with inventing IPNs in 1914. Working under Edison, 
Aylsworth reduced the brittleness of phenol-formaldehyde phonograph records by 
adding natural rubber and sulphur. The resulting combination of elastomeric 
network and plastomeric network system must surely be the world's first toughened 
plastic. However, since this was happening before the birth of the concept of 
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macromolecules, the patent (IJJ did not contain the term polymer, polymer networks 
oriPN. 
In 1951, Staudinger and Hutchinson (I4J were awarded a patent for producing a 
smooth-surfaced, transparent plastic sheeting. The procedure entailed swelling 
crosslinked polystyrene sheets in its own monomer mix. The swollen sheets were 
then polymerised and stretched. Solt (IS) produced the next known IPNs in 1955 in 
the form of oppositely charged networks in suspension-sized particles that were 
developed into cationic-anionic ion exchange resins. 
In 1960, Millar (I6J coined the term interpenetrating polymer networks for his 
materials that consisted of divinyl benzene crosslinked polystyrene as the first and 
second networks (homo-IPNs). 
In the late I 960s, various investigating teams started work on IPNs independently. 
Frisch et al. (I?J worked with polyurethane IPNs, which he modelled on the 
interlocking ring structure of catenanes. Sperling et al. (IS) were keen on dual 
networks as a mean of reducing gross phase separation in polyblends. The 
interphase regions in IPNs were studied by Lipatov et al. c24l in Kiev. These works 
set in motion further development of IPNs and today research on IPNs is a world-
wide activity. 
2.1.3 Nomenclature 
Although the IUPAC Commission on Macromolecular Nomenclature has been 
deliberating on it, no organised nomenclature for IPNs exists yet. Amongst the 
IUP AC proposals are the use of the prefix net- to indicate a network and the 
connective -inter- to indicate IPNs (IOJ_ Most publications however, use the slash 
notation to indicate the combination of two polymers. 
Thus, an IPN of poly( ethyl acrylate) and polystyrene is represented in the IUPAC 
proposed way as: Net-poly( ethyl acrylate )-inter-net-polystyrene. 
With the slash notation this becomes: poly( ethyl acrylate )/polystyrene 
which is further abbreviated to: PEA/PS. 
6 
---------· -
For reasons of simplicity, as well as to be in agreement with other IPN literature, the 
latter method will be used in this work. 
2.1.4 Types of IPNs 
Mostly, IPNs are classified by the method of synthesis. The major types of IPNs 
classified in this way are listed below. 
2.1.4.1 Sequential IPNs 
The networks in this type of IPN are formed sequentially. Polymer network I is first 
produced. This network is then swollen with the mixture of monomer II, initiator 
and crosslinker. The monomer II mixture is then polymerised in situ to form (IO) the 
second network. The present study employed this method. 
2.1.4.2 Simultaneous IPNs (SIPNs) 
Both networks of these IPNs are formed at the same time (Io). The monomers or 
prepolymers of both networks together with their respective initiators and 
crosslinkers are mixed together and reacted simultaneously. Usually the two 
networks are formed by independent non-interfering reactions. One network may be 
formed by a free radical reaction whilst the other is formed by a condensation 
mechanism. 
2.1.4.3 Latex IPNs (LIPNs) 
LIPNs are prepared by a two-stage emulsion polymerisation (IO). In the first stage, an 
emulsion of a crosslinked polymer I is formed. This is called the seed latex. In the 
second stage, monomer II, initiator and crosslinker are added and polymerised. The 
absence of fresh emulsifier in the second stage does not favour the nucleation of new 
particles, but instead, polymerisation takes place on the seed latex particles. The end 
product consists of particles made up of both polymer networks in possibly a core-
shell structure 00•25). 
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2.1.4.4 Interpenetrating Elastomeric Networks (lENs) 
In this preparation, two non-interacting latices that have been synthesised separately 
are mixed. The mixture is eo-coagulated and subsequently crosslinked (I0,26). 
2.1.4.5 Gradient IPNs 
All the above IPNs are produced to be uniform macroscopically. Gradient IPNs (IO) 
are different in that they are deliberately made so that their composition varies as a 
function of position in the sample. This can be achieved by swelling polymer 
network I in the monomer mix II and polymerising before homogeneity is achieved 
by diffusion <27) A sheet can be obtained which is made up of pure polymer A on 
one surface and pure polymer B on the other surface, but with a composition-graded 
interior (IO). 
2.1.4.6 Thermoplastic IPNs (TIPNs) 
TIPNs (IO) differ from ordinary IPNs in that they are held together by physical 
crosslinks as opposed to chemical or covalent crosslinks. Because of this, TIPNs 
soften and flow at elevated temperature, but behave as thermosets at temperature of 
use <28). TIPNs can be synthesised by melt blending or by the sequential route (IO). 
Physical crosslinks that can be used are: i) phase separation of thermoplastic end 
blocks in block copolymers <29l, ii) ionic portions in ionomers (JO)' and iii) crystalline 
portion in semi-crystalline polymers (31). 
2.1.4.7 Other IPNs 
Studies on IPNs containing more than two components have been reported <32) 
Frisch et al. <32) studied methods of improving miscibility in IPNs comprised of 
polyurethane, epoxies and poly( methacrylate). Other efforts to improve miscibility 
in IPNs have led to studies on IPNs where specific interactions between the 
component networks are introduced <33' 35) These specific interactions can be 
effected by hydrogen bonding <33), ionic interaction <34) and intermolecular grafting 
(35) 
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2.1.5 SequentiaiiPNs 
As mentioned earlier, the preparation of this type of Jl'N involves producing polymer 
network I and swelling this network in monomer mix 11. This is followed by 
polymerising and crosslinking monomer 11 and thus producing the two networks in 
juxtaposition. Quite often, this synthetic route is used to combine an elastomeric 
network, which is produced first, with a plastomeric network. However, it has also 
been utilised to produce homo-Jl'Ns 00l, where, polymer network I and polymer 
network 11 are the same. A sub-group of this Jl'N is the semi-IPN in which one 
constituent polymer is not cross! inked. A semi-IPN where polymer I is crosslinked, 
whilst polymer II is linear, is called a semi-I-IPN and the reverse is called a semi-11-
IPN. Since the present work is involved with sequential IPNs, a brief review of work 
in this area is given below. 
Early work on sequential IPNs by Shibayama et al. <36l involved the preparation of 
homo-Jl'Ns of polystyrene crosslinked by divinyl benzene. They found that the 
formation of IPNs increased the modulus and lowered the swelling tendency of the 
homo-IPNs when compared with a control PS network. They attributed these 
changes to increased entanglements in the IPNs. Other workers <37•38l used homo-
IPNs to study the swelling behaviour ofiPNs. 
Sperling, with various eo-workers, has done a considerable amount of research on 
sequential Jl'Ns. Using poly(n-butyl acrylate)/polystyrene, Sperling et al. <39l studied 
the effects of composition ratio and crosslink density on a series of semi-IPNs, Jl'Ns 
and random copolymers of the combination. They found the best synergism of 
properties in the IPNs. From morphological studies using TEM and dynamic 
mechanical studies using DMTA, they found that the improved properties of IPNs 
coincided with increased miscibility in the ll'Ns due to the presence of crosslinks in 
both networks <40l. Other researchers using different Jl'Ns have found this to be true 
<
41
•
42) This was reinforced further by studies Sperling et al. <43l did on 
polybutadiene/polystyrene IPNs, which exhibited finer morphology with more 
regularity when crosslink levels in both polymers were increased. 
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Studies on sequential IPNs <39•421 have shown that the composition of IPNs greatly 
affected the properties of the IPNs. Sperling <391 found that IPNs rich in plastomeric 
component exhibited toughened plastic characteristics, whilst IPNs rich in 
elastomeric component behaved as a reinforced elastomer. 
Phase separation depends primarily on the miscibility of the polymers <441. In IPNs, 
in general, phase separation is reduced by the presence of crosslinks (IOJ. In 
sequential IPNs, as polymer I is already crosslinked before monomer II IS 
polymerised, more forced mixing can be obtained leading to smaller phases <81. 
Further enhanced miscibility can be obtained via internetwork interactions <4547>. 
One way of achieving this is by deliberately inducing grafting <45•461. Grafted IPNs 
were found to exhibit poorly defined morphologies with irregular structures. The 
phase domain boundaries were characterised by interphase regions. Sperling et al. 
<47) produced anionic/cationic IPNs based on polystyrene/poly( 4-vinyl pyridine) 
where ionomeric substitution of the two networks was based on sulphonation of the 
phenyl rings and quatemisation of the pyridine rings. Dynamic mechanical studies 
indicated a two-phase morphology with evidence of significant mixing. 
More studies on sequential IPNs are referred to in different sections below. 
2.1.6 Morphology of Sequential IPNs 
Most multicomponent polymer systems, IPNs included, exhibit phase separation (IOJ. 
The phases vary in size, shape, sharpness of their interface and degree of continuity. 
These features contribute to the morphology of the material. The chemical 
miscibility of the constituent polymers <481, the crosslink densities of these polymers 
<
491, interfacial tension <501, internetwork interaction <45.47) and the IPN composition (J) 
control the morphology of the IPN. The more miscible the system, the smaller the 
phase domain it exhibits. A miscible system has a domain size 5 nanometres and 
less, while an immiscible one has domain size bigger than 30 nanometres <511. The 
intermediate domain size of 5 to 30 nanometres is characteristic of a semi-miscible 
system <511• The phase domains in IPNs are often of the order 20 to 80 nanometres <81 , 
which are smaller than those expected for the corresponding blends. An approximate 
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indication of polymer-polymer miscibility is the difference in their solubility 
parameters (IO), 8. Polymers with similar 8 values show better miscibility than if the 
values are further apart. 
Table 2.1 Solubility Parameters of Selected Polymers (ZO) 
Polymers 8, Solubility parameter 
(MPali/2 
------------·-·~---- .. ······-···-·---.. ----·-···----··-----·-····~·"·~·····-·-·-·--····-·· --- -·----·--·-.. ·-·-·---··-··-·-·-·----·---·--·--
Poly( ethyl acrylate) 18.3 
Poly(methyl methacrylate) 
Polystyrene 
18.6 
17.5 
Huelck et al. (48) found that sequential IPNs of PEA/PMMA where the solubility 
parameters are close, exhibited good miscibility with phase domains less than 10 
nanometres in diameter. The PEA/PS IPNs with a bigger difference in 8 values 
produced a bigger structure of about 100 nanometres because of less miscibility. 
Donatelli et al. (50) and Yeo et al. (52) have derived equations for estimating the 
domain size in sequential IPNs and both equations have been found to agree 
substantially with experimental results. 
The Donatelli equation may be written as: 
2y~ 
The Yeo equation may be written as: 
4y Dz = -::c-----'--:---:-
RT( Av1 + Bv2 ) 
where A = 1C1/v2 )(3~113 -3~413 -~In~) 
B = -ton~ -3~213 + 3) 
(2.1) 
(2.2) 
D2 is the domain diameter, y, the interfacial tension in dynes per centimetre, T, the 
absolute temperature and R, the gas constant. 
v1 and v2 are the crosslink densities of networks I and II in mole per cubic 
centimetre, respectively, and, 
~ and ~are the volume fractions of networks I and II, respectively. 
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Although originally the domains were thought to be spheres, current thought is that 
these domains are interconnected cylinders <&J for mid-range and high polymer II 
concentrations. This feature is a direct outcome of the mechanism of phase 
separation, which will be discussed later. The spherical appearance is the cross-
sectioning effect <&J produced when the IPNs are thinly sliced for transmission 
electron microscopy. In fact, TEM micrographs of cylindrical structures have been 
obtained <53). 
In immiscible polymer mixtures, the phases are not separated by a plane but rather by 
a region of inter-diffusion of the two types of macromolecules <2) This region is 
termed an 'interphase', a third phase in the immiscible blends with its own 
properties. The thickness of the interphase is dependent on the thermodynamic 
interaction of the two components and their molecular weights C2l. 
The interphase is not a homogeneous diffuse layer, but a complex entity with varying 
compositions. An increase in miscibility provides a greater driving force for the 
inter~diffusion of molecules and consequently a thicker interphase is obtained <2J. 
The smaller domain size of semi-miscible systems leads to higher surface area and 
more percentage interphase. High loss factor values in the inter-transition region of 
such systems are obtained from the cumulative transitions of the various 
compositions <48•54). This micro-heterogeneous morphology with the accompanying 
broad transition is favoured for damping application <55l. 
Analytical models have been developed to elucidate the nature of phase continuity in 
IPNs. Kemer <56) and Hashin and Shtrikman <57) assumed the morphology of 
spherical domains in a matrix while Davies <58) and Budiansky <59) assumed dual-
phase continuity for their theories. Dual-phase continuity is defined as the continuity 
of both polymers throughout the macroscopic sample as shown in the illustration 
below. 
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Figure 2.2 Dual-phase continuity in IPNs <60l 
Comparisons between experimental results and the various models <61""3l have shown 
that experimental data fit the dual phase continuity models better. 
In sequential IPNs, the effect of composition ratio on domain size is not 
straightforward. One would expect an increase in the quantity of polymer II to lead 
to bigger domain size. This was observed by Huelck et al. <48l with sequential IPNs 
of poly( ethyl acrylate)/polystyrene. However, Yenwo et al. <64) found that with castor 
oil-urethane /polystyrene IPNs, this was only true with a low percentage of polymer 
II. For mid-range and higher concentrations, as the polystyrene quantity was 
increased, the domain size decreased <64l. A probable explanation for this was that a 
higher level of polymer II caused an increase in the number of domains being 
formed. 
Investigations in the 1960s, revealed that IPNs of immiscible polymer pairs produced 
inward shifts in the glass transition temperatures of the two polymers <65•66l. Besides 
this, the phase domains of the IPNs were also found to be smaller than that of the 
corresponding blends <65 '66l. These observations were interpreted <65•66) as an increase 
in the miscibility of the polymers due to the presence of cross! inks. 
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The levels of crosslinking in both networks exert si!,'llificant effects on the 
morpholo&'Y· This is best illustrated by Figure 2.3. <<>ll 
Blend Semi-! Semi-II 
IPN, 0.1 crosslinking IPN, 0.2 crosslinking 
Figure 2.3 Blend, semi-IPNs and IPNs of SBR!Polystyrene. '62l 
The absence of cross linking in the blend produced sharply defined PS domains in the 
SBR matrix with size ranging from 500 nanometres to well over 1. micrometre. 
Introducing crosslink in networkii (see semi-H) reduced the domain size slightly, to 
average around 1 micrometre. When network I was crosslinked, the size of the phase 
domains was greatly reduced to about 20 nanometres. Even finer domain size was 
observed in the full IPN. When the level of crosslinking in the IPN was doubled, 
very fine and blurred structures were produced. This was expected, as increased 
crosslinking level in polymer I produced a tighter initial network that restricted the 
size of the regions in which polymer II phase separated. This relationship is backed 
by the Donatelli equation '50l where a bigger v 1 value leads to smaller D2. The effect 
is less for crosslinks in polymer II and this phenomenon is termed 'network I 
domination' (SO) This phenomenon was observed by Hourston et al. '67·68l when they 
compared the effect of crosslink densities in polymer network I and I!, respectively, 
on the morphology of the IPNs. 
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Studies of miscible polymer pairs carried out in the 1980s <69•70) concluded that in 
these cases the IPNs were actually less miscible than the corresponding blends. 
Bates et al. <69) studied homo-IPN of dueterated polystyrene/normal polystyrene using 
small-angle neutron scattering. Their results showed that the semi-II IPN to be less 
miscible than the corresponding blend. The same result was obtained by Bauer et al. 
(70J with dueterated polystyrene (PSD)/poly(vinyl methyl ether) (PVME) semi-II-
IPN. This phenomenon occurs in cases where the first-formed polymer is soluble in 
the second monomer. If the polymer is crosslinked, this leads to elastic stretching of 
the first-formed network, which creates a force opposing mixing. This force is 
absent in the blend where the chains are in a relaxed state. 
The case for full IPNs is expected to be different from the above studies. Where 
gelation precedes phase separation, both network chains have to be extended for 
phase separation to take place. Therefore, a single phase is favoured. If phase 
separation occurs before gelation, the crosslinks will tend to hold the polymers apart 
(8) 
Inter-network interaction <45.47) has been proven to increase the miscibility in IPNs 
and this affects the morphology of the material. This interaction ties the networks of 
the two component polymers and thereby reduces the molecular movement essential 
for phase separation. Consequently, smaller phase domains are produced. Inter-
network interaction can be achieved via grafting <45•46) and ionic coupling <47>. 
Bauer et al. (7!) studied the effect of grafting on the miscible polymer pair of 
dueterated PS (PSD)/PVME. Although this pair produced a miscible blend <69•70>, as 
proven by a single phase detected by SANS or dynamic mechanical analysis, the 
introduction of crosslinks in the semi-11-IPNs led to a phase-separated morphology. 
However, when the blends were subjected to gamma irradiation which crosslinked 
and grafted the polymers, they showed increased miscibility. Bauer (7Z) also studied 
semi-11-IPNs ofPMMA with dueterated PS. Grafting in this system was achieved by 
using functionalised PMMA macronomers. Small-angle X-ray scattering (SAXS) 
results (7Z) showed the ungrafted material to be phase separated while the grafted 
counterpart was uniform. Thermal analysis of the samples <n> yielded a single Tg for 
the grafted samples and two Tgs for the ungrafted samples. 
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Scarito and Sperling <73) concluded that a small amount of grafting is sufficient to 
affect the morphology of IPNs. In an epoxy/acrylic system, the addition of only 3% 
of glycidyl methacrylate produced an IPN with a single transition. 
Frisch et al. studied the effect of ionic interaction <74•75). They incorporated tertiary 
amine into the PU network and carboxyl groups into the PMMA network of a 
PU/PMMA IPN. DSC and SEM showed improved miscibility with smaller phase 
domains (14•75). Frisch et al. obtained similar results (16) when they introduced the 
same charge groups into IPNs ofPU/PVC. 
Adachi et al. <77) reported on complex formation in polyoxyethylene/poly(acrylic 
acid) sequential IPNs that were synthesised by matrix polymerisation. IPNs 
containing between 30% to 60% poly(acrylic acid) exhibited single-phase 
morphology as complex formation reduced phase separation. They deduced that 
complex formation took place via hydrogen bonding between the ether oxygens of 
the polyoxyethylene and the carboxylic hydrogens of the poly( acrylic acid) networks. 
The rate of network formation in relation to the rate of phase separation also exerts 
an influence on the morphology of IPNs. Of interest, is the sequence of events, 
whether phase separation precedes gelation or vice versa. If phase separation 
happens first, then the domain sizes will be large (B) and when gelation sets in, it will 
keep the domains apart. However, when the reverse is true, the crosslinks will tend 
to keep the domains small. The latter condition is true in sequential IPNs where the 
crosslinked network I ensures that gelation happens before phase separation <Bl. 
2.1. 7 Polymer Miscibility 
Although miscible polymer pairs exist, most multi-component polymer systems 
exhibit phase separation due to thermodynamic immiscibility <23l. The Gibbs free 
energy of mixing, A Gm, is given by 
AGm = AHm- TASm (2.3) 
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where, 1\Hm represents the enthalpy of mixing, 1\Sm represents the entropy of mixing 
and T is the absolute temperature. 
For a binary system, mixing will take place if the following conditions <78) are met. 
(2.4) 
( ifl /\Gm) ~ T,P>O (2.5) 
where rf?. is the volume fraction of component 2. 
The /\Gm in a binary mixture can behave in three different ways as shown in Figure 
2.4. 
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Figure 2.4 
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Free energy of mixing for binary mixtures which are: 
(A) completely immiscible, (B) completely miscible and (C) partially 
miscible. 
Curve A does not satisfy both conditions and therefore represents an immiscible 
system. Curve B satisfies both criteria for all compositions and represents a miscible 
system. Curve C satisfies condition I [refer to equation (2.4) J for all compositions 
but does not satisfy condition 2 [refer to equation (2.5)] in the middle composition 
region where the mixture phase separates. 
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The enthalpic term, in non-polar systems can be written as <781 
6.Hm = V(JJ -J2)2rf1Jth (2.6) 
where, V is the total volume of the mixture, J1 and J2 represent the solubility 
parameters of the two polymers and rA and rh represent their volume fractions. This 
enthalpic term is positive and for most polymer pairs, it is bigger than the entropic 
term <79>. However, where the solubility parameters of the two components are close 
to each other, the enthalpic term approaches zero and a negative 6.Gm is obtained. 
Consequently, miscibility is manifested. 
According to statistical thermodynamics, the entropy of a system is given by the 
number of possible arrangements of the molecules in the system (SO) This can be 
visualised by the quasi-lattice model below. 
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Schematic diagram of quasi-lattice structures for 
(a) small molecules and (b) polymer molecules. 
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With small molecules, the number of possible arrangements is high, as for instance, 
an 0-type molecule can be in any site and exchange position with other 0-type 
molecules as well as X-type molecules. In the case of a polymer, the same 0-type 
molecule cannot interchange position with other 0-type molecules or any X-type 
molecules because the repeat units of the molecules are now bound by covalent 
bonds. · These bonds also restrict the movement of a molecule to be in co-ordination 
with its neighbours. Besides the above limitations, the volume exclusion effect (SI) 
means one chain cannot physically pass through another. These restrictions on 
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randomness mean the entropic change decreases dramatically with increase m 
molecular weight. 
The entropic term can be written as <81l 
f:.Sm = -k(N1 In~ + N2 ln~) (2.7) 
where, k is Boltzmann constant, N 1 and N 2 are the numbers of polymer I and 
polymer II molecules, respectively, and ~ and rA are the volume fractions of 
polymer I and polymer II, respectively. As can be seen, the entropy of mixing 
depends on the number of molecules present. As the molar mass increases, the 
number of molecules becomes small and the combinatorial entropy of mixing 
becomes negligibly small. The combination of the bigger and positive enthalpy with 
the smaller and negative entropy leads to a net outcome of positive !J.G m and 
immiscibility. 
Mixing of two polymers over a wide molecular weight and concentration ranges, on 
a molecular level, can take place if the heat of mixing is negative. The driving force 
behind this is intermolecular interaction <2•82). 
2.1.8 Phase Diagrams 
Most miscible polymer blends become cloudy when their temperature is raised. The 
incidence of cloudiness is called the cloud point <83l. A plot of cloud point 
temperature as a function of concentration generates cloud point curves or phase 
diagrams. The cloud point curve of such a system that exhibits decreased solubility 
with increase in temperature is concave upwards and the critical temperature is 
known as the lower critical solution temperature (LCST). On the other hand, when a 
miscible blend phase separates upon lowering of temperature, the cloud point curve 
is concave downwards and an upper critical solution temperature (UCST) is 
observed. Most of the polymer/polymer phase diagrams that have been worked out 
yielded LCST behaviour. <84' 86) 
Studies <87•88) have also been carried out on ternary phase diagrams of polymer-I-
polymer-II-monomer-II systems under isothermal and isobaric conditions, where 
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monomer I! is converted into polymer 11. This JS the situation encountered m 
systems of sequential IPNs. 
I I miscible 
I immiscible: metastable I 
I 
I 
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Composition Composition 
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(c) 
Figure 2.6 Phase diagrams (S) for (a) lower critical solution temperature, 
(b) upper critical solution temperature and (c) sequential IPNs. 
2.1.9 Mechanisms of Phase Separation 
Phase separation in IPNs can take place by two mechanisms (89·90) 
a. Nucleation and growth (NG) 
b. Spinodal decomposition (SD) 
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It can be seen from the phase diagrams that a binary system has three regions: 
miscible, metastable and immiscible. In the metastable region, the NG mechanism 
operates 13) Here, separation can only proceed by overcoming the activation energy 
of nucleation. Once the nucleus is formed, it grows by a diffusion of 
macromolecules towards the nucleus. The molecules diffuse from a region of 
relatively high concentration to the vicinity of the growing nucleus, which is a region 
of relatively low concentration. That is, the coefficient of diffusion is positive. This 
mechanism produces spheres with sharp boundaries of the second phase within a 
matrix of the first phase. These spheres grow by increasing their diameter with time, 
whilst their composition remains constant. 
In the immiscible region, phase separation takes place via the SD mechanism C3l. In 
this region, there is no barrier to phase separation and it occurs by a continuous and 
spontaneous process. In this mechanism, macromolecules diffuse from a region of 
relatively low concentration into a region of relatively high concentration, that is, the 
coefficient of diffusion is negative (3) SD tends to produce interconnected cylinders 
of the second phase within a matrix of the first phase. Unlike NG, in this mechanism 
the composition and size increase with time. SD produces finer phases with blurred 
interface until later stages of decomposition. 
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Schematic presentation of(a) nucleation and growth, and 
(b) spinodal decomposition Cl) 
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2.1.10 Characterisation ofiPNs 
Studies of IPNs have mostly been concerned with the level of mixing between the 
constituent polymers. Hence, techniques that yield information on the morphology, 
glass transition temperatures and mechanical properties of IPNs have been employed 
to characterise them. A brief review of some of these techniques is given below. 
Microscopic techniques give direct visual evidence of the shape and size of phase 
domains as well as phase continuity. Hence, they are widely used in the 
characterisation of blends. The two-phase nature of IPNs has been observed using 
optical microscopy <91l, scanning electron microscopy <92l (SEM) and transmission 
electron microscopy <93•94l. Microscopic techniques require the preferential staining 
by, for example, osmium tetroxide, of one of the polymers to distinguish the 
networks. This is easily achieved in the presence of unsaturation or reactive groups 
<
47l in the polymer. In the absence of both, a small amount of an unsaturated species 
like isoprene is deliberately introduced into one of the networks to facilitate staining 
(25) 
A possible source of artefact in TEM is the introduction of an artificial grain 
structure by Os04 staining. Observable under greater magnification, this may lead to 
serious errors in cases where the size of the deposit is comparable to the expected 
size of the domains <95l. 
Measurement of Tg is the most popular method of characterising IPNs. The 
existence of a single sharp, single broad, individual or shifted transitions yields 
information about the extent of mixing in IPNs <2l. A widely used criterion of 
polymer miscibility is the detection of a sharp single glass transition intermediate 
between those corresponding to the two component polymers. What this really 
means is that homogeneity is detected down to the lowest limits of measurement of 
the technique used. In immiscible polymer pairs, gross phase separation takes place, 
producing domains of the pure component. In this case, two distinct Tgs are 
detected, identical in temperature and width to those of the unblended components. 
Semi-miscibility produces some inter-diffusion of molecules and phase sizes slightly 
higher than the minimum limits of detection. This partial mixing is manifested by 
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the inward shifting ofTgs of the individual component <96l. Broadening ofTg peak is 
also indicative of partial mixing which produces a micro-heterogeneous morphology 
<
97l Differential scanning calorimetry (DSC) and dynamic mechanical thermal 
analysis (DMA) are the most common methods of measuring Tg. Between these 
two, DMA has been extensively used. Sperling et al. <39•93) studied the aspects of 
molecular mixing in poly(n-butyl acrylate)/polystyrene IPNs using DMA. Hourston 
et al. <98) compared the miscibility of acrylic latex IPNs derived from empirical 
equation to that by DMA studies. Frisch et al. <99) used DMA to study the Tg 
behaviour of polyurethane/epoxy IPNs. They found the highest miscibility in the full 
IPNs as signified by one Tg. 
Although Tg measurement for determination of miscibility is very popular, it has its 
limitations as well. One such limitation is the difficulty of resolving the Tgs of an 
immiscible mixture, where the individual Tg is less than 20° C apart 000l. The 
second limitation is the concentration dependent nature of some Tg measurement 
techniques (3). Depending on the sensitivity of the technique, a component that is 
present in a small quantity may not be detected. These two shortcomings may lead 
to an erroneous assumption of miscibility. Discrepancy in Tg measurements by 
different techniques might arise, if these techniques are responsive to co-operative 
molecular motions occurring over different region sizes. For instance, DSC is 
sensitive to motions of longer molecular segment than the segment responsible for 
the micro-brownian motions detectable by DMA. As such, a particular blend may be 
judged miscible by DSC but heterogeneous by DMA (IOI). 
A plot of tensile strength against composition of a polymer pair can give an 
indication of miscibility. Miscible polymer systems usually show synergistic effect 
above the linear additive effect of the two components <102•103l. This improvement in 
tensile properties is usually attributed to the strong interactions producing better 
molecular packing. On the other hand, immiscible polymer pairs have been reported 
to exhibit a broad minimum in tensile strength as a function of composition 0°4•105l. 
Hourston et al.C106l measured the tensile properties of poly(vinyl isobutyl 
ether)/poly( ethyl acrylate) IPNs, polyurethane/polyacrylate IPNs (I07) and some 
acrylic based latex IPNs 008l. The results were correlated with the dual phase 
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morphology of the respective IPN s. Meyer C109J used tensile testing to characterise 
polyurethane/poly( methyl methacrylate) IPNs. 
Some workers have found infrared (110-II4J and nuclear magnetic resonance C1ISJ 
(NMR) spectroscopies useful in characterising IPNs. Meyer et al. (1IOJ used FTIR to 
study the kinetics of network formation in polyurethane/poly( methyl methacrylate) 
IPNs. The effect of crosslinking on molecular mixing in IPNs was studied by 
Coleman et al. CIII) using FTIR spectroscopy. In numerous studies, FTIR was used to 
identify the mechanism responsible for miscibility in polymer blends. Shift in 
carbonyl absorption indicated that, to a large extent, hydrogen bonding promoted 
miscibility 012-114). Using 13C NMR spectroscopy, Hourston and Klein (IISJ detected 
interchain mixing at phase boundaries of polyurethane/polysiloxane IPNs. 
Scattering techniques have also been used to characterise IPNs. More common 
among these are X-ray and neutron scattering methods. Lipatov et al. (1I6J studied 
phase separation in polyurethane/polyacrylate IPNs using SAXS technique. The 
same technique was employed by Stein et al. (1l7) in their studies on polyurethane-
based IPNs. SANS has been used to study the domain size ofiPNs (43•118) Sperling 
favoured SANS over transmission electron microscopy as it can resolve much 
smaller domain sizes and is thus a better technique to study dual-phase continuity. 
Optical clarity can also give an indication of miscibility c119•120l. Mixtures of two 
amorphous and miscible polymers are always clear. However, absolute judgement of 
miscibility cannot be made on this basis alone. Although it has been shown that the 
presence of as little as 0.0 I weight percent of an immiscible polymer can cause 
opacity in a blend Cl 21 l, there are circumstances where immiscible or semi-miscible 
polymer pairs form optically clear blends. Clarity can be observed in such a system 
if the sample film is so thin, that, light encounters only one of the two phases in 
passing through it 022) The production of two layers upon phase separation can also 
produce a transparent film Cl23l. The third instance of clarity in a heterogeneous 
polymer system is when the dispersed phase has dimension smaller than the 
wavelength of visible light Cl23l_ The majority of optical clarity in heterogeneous 
polymer systems, however, is due to the two polymers having equal refractive 
indices c123) 
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2.1.11 Applications of IPNs 
IPNs have found applications in a variety of fields <8•11•12) Some of these 
applications are reviewed in this section. 
Studies have been carried out on the use of IPNs in damping applications <25•124•125) 
Damping involves the transformation of mechanical energy into heat <126). This 
transformation is most efficient at the Tg of a material where mechanical energy is 
converted into heat of friction due to the increased molecular movement <127). The 
micro-heterogeneous morphology of some IPNs results in a very broad composite Tg 
css), which stretches between the Tgs of the two polymers. This means that the IPNs 
damp effectively over this broad temperature range. In the early 1970's, Sperling et 
al. 028) studied latex acrylic IPNs for noise and vibration damping. These IPNs 
exhibited significant damping in the temperature range of -30°C to 70°C. Hourston 
and McCluskey 029) found that IPNs of poly(vinyl isobutyl ether)/poly(methyl 
methacrylate) showed broad damping peaks over the temperature mnge of -20°C to 
20°C. Wong and Williams (lJOJ concluded that polyurethane IPNs showed better 
damping properties when compared with its copolymers and blends. Klempner et al. 
(!3 1) obtained a damping peak in the tempemture mnge of 5°C to 35°C from 
polyurethane/epoxy IPNs. They also showed that the damping temperature range 
could be tailor-made by using non-reactive aromatic plasticisers. By doing so, the 
tempemture at which maximum damping occurred could be adjusted without altering 
the width of the transition. 
Another fast growing sector of IPN application is the medical field. Vale and Greer 
(!32) reported using IPN technology to produce composite silicone rubber surgical 
tubing, which was hydrophilic. Gradient IPNs in the form of hydrogel beads were 
studied by Mueller and Heiber <133) as a controlled drug delivery agent. For this 
application, polymer network I was produced as suspension-sized particles. Then the 
drug and one component of a condensation polymer were dissolved into the network. 
The second component of the condensation polymer was then swollen into the 
particles. With diffusion, the second network was formed. IPNs of crosslinked 
collagen and 2-hydroxy ethyl methacrylate were produced by Kuzma and Odorisio 
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134
l. These IPNs were good for contact lenses as they exhibited high water content, 
high oxygen permeability and good mechanical strength. Roemer and Tateosian <135l 
developed sequential homo-IPNs of PMMA to be used in dentures. Crosslinked 
PMMA particles produced by suspension polymerisation were swollen with linear 
PMMA, MMA monomer, crosslinker and initiator. The IPN produced was solvent 
resistant. 
The electronic and electrical industries are also discovering new applications of 
IPNs. Usmani <136) found that diallyl phthalate/epoxy IPN was a good replacement 
for moisture sensitive epoxy resins for encapsulating small light-emitting diode 
displays. The use of silicone/polytetrafluoroethylene IPNs for electronic parts has 
been proposed <137). Other applications of IPNs that have been quoted include 
coating materials <138•139) and adhesives <140•141l. 
2.2 Epoxidised Natural Rubber 
Natural rubber (NR) is initially obtained as latex from the tree Hevea Braziliensis. 
This milky fluid, which flows when the bark of the tree is cut, is a suspension of 
rubber particles in an aqueous phase. In the dry form, NR consists of 95% 
hydrocarbon rubber and 5% non-rubbers <142l. The hydrocarbon is made up of chains 
of cis-1, 4-polyisoprene with molecular weight ranging from 1,000,000 to 2,000,000 
(143) 
Figure 2.8 Chemical structure of natural rubber <4l 
Although NR has some desirable properties like low hysteresis and strain induced 
crystallisation °44\ it cannot compete with some speciality synthetics concerning oil 
resistance <145) and gas permeability <145l. The modifications ofNR have been carried 
out with the hope of changing some of its properties and widening its applications. 
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Chlorinated <146) and cyclised NR 047) have been commercially produced in the past. 
Other attempts at modification have produced rubber bound antioxidants 048), di-
urethane crosslinking system <149) and polystyrene grafted NR <150). 
The most successful modification ofNR is the incorporation of epoxy groups into the 
polyisoprene chain. This is done by reacting NR latex with hydrogen peroxide and 
formic acid under controlled conditions of moderate temperature and low acidity 
<
151). Epoxidation takes place according to the equation given below. 
c~ ~"-.. 
__ .,.. C -eH + HCOOH 
/ "" -CH2 CH2-
Figure 2.9 Epoxidation of natural rubber (1 9) 
This reaction is stereospecific <152), which means that the resultant elastomer 
maintains its original cis configuration. Epoxidation level up to 75 mole % can be 
achieved without the formation of secondary ring-opened structures <19). It has been 
proven by 13C NMR spectroscopy that a random distribution of the epoxy group in 
the rubber chain is produced by the process <153). Today, natural rubber with 25 mole 
% (ENR 25) and 50 mole % (ENR 50) epoxidation are marketed by Kumpulan 
Guthrie Sdn. Bhd. Malaysia, under the trade name of Epoxyprene 25 and 
Epoxyprene 50. These rubbers have been used in the present study. 
ENR can be vulcanised using any of the systems used for NR <19) In this study, a 
peroxide cure was chosen as it avoided the addition of other compounding 
ingredients, which might affect the IPN formation. 
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2.2.1 Properties of Epoxidised Natural Rubber 
The properties of NR chaoge proportionally with level of epoxidation. For every 
mole % increase in the epoxidation level, Tg increases by 0.9°C and solubility 
parameter by approximately 0.031 (MPa)112 09>. However, due to the 
stereospecificity of the epoxidation process coupled with the small size of the oxygen 
atom, ENR retains the strain crystallisation of NR 054>. This is reflected by the high 
tensile and tear strength of gum ENR vulcanisate <19>. The increase in Tg leads to an 
increase in ambient temperature hysteresis 09>. This means that higher epoxidation 
produces ENR with lower rebound resilience and with improved damping properties 
09) A very attractive enhaocement in property is the decreased air permeability of 
ENR <155) and its improved peel adhesion <156>. An increase in epoxy content also 
renders the rubber more polar <21) Consequently, ENR is resistaot to non-polar 
solvents <152>. ENR 50 exhibits swelling behaviour in between those of 
poly(chloroprene) (CR) and a medium acrylonitrile-butadiene rubber (NBR) (21). 
Another interesting feature of ENR is that it achieves high reinforcement by silica 
fillers without the need of coupling agents. Other rubbers including NR would 
require the incorporation of a silaoe coupling agent 057). ENR also exhibits high 
adhesion to chlorinated polymers 056>, nylon <158>, brass coated steel <159) and glass 
(160) 
2.2.2 Blends ofEpoxidised Natural Rubber 
Blends ofENRINR 0 61>, ENRIBR 062>, aod ENR/SBR 063) have all been studied. All 
these blends exhibited dual phase morphology (I6H 63>. Better miscibility has been 
observed in blends ofENRJPVC 09>. Although only partial miscibility was observed 
(l9) between ENR 25 aod PVC, ENR 50 and PVC have been shown to be miscible 
across the complete composition raoge <164>. The miscibility has been attributed to 
the occurrence of hydrogen bonds between the two polymers <165>. Various aspects of 
PVC/ENR 50 blends have been studied. These included the effects of mixing 
conditions and blend compositions on mechanical properties (166,167>. Blends of 
chlorinated polyethylene 068> and chloroprene <169> with ENR 50 have also been 
found to be miscible. De et al. <170•171) have studied blends of carboxylated 
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NBR/ENR 50 and chlorosulphonated polyethylene!ENR 50, which they called self-
vulcanising systems. At high temperatures, the blends crosslinked to form one-phase 
systems without the addition of curatives (I72) Thermoplastic elastomers have been 
produced from the combinations of ENR/polypropylene 09l and ENR/styrene-
acrylonitrile (SAN) copolymer l 173l. 
2.2.3 Applications of Epoxidised Natural Rubber 
The applications considered take advantage of the properties of ENR, which have 
been brought about by the epoxidation process. 
The good adhesive and sealant properties of ENR have been utilised to develop 
adhesives for bonding vulcanised rubbers of differing polarity 074) and rubber 
compounds to steel 075l. Studies carried out on ENR 25 tyre tread formulations have 
shown that it offers the combination of safety from high wet traction and good fuel 
economy from low rolling resistance (176>. Inner liner compounds made of ENR 
50/NR blends have been found to compare favourably with a saturated 
chlorobutyi/NR liner compound (177) The tyre industry might well prove to be the 
largest market for ENR. Besides the aforementioned applications, the hysteresis 
properties ofENR make it suitable for anti-vibration mountings l19) 
2.2.4 Reactivity of Epoxidised Natural Rubber 
The epoxy groups are reactive sites. In this section, are discussed briefly some ENR 
reactions that have been studied. 
Acids can cause ring-opening of the epoxy groups leading to the formation of diol, 
ether crosslinks and in the case of consecutive epoxy groups, the formation of 
tetrahydrofuran rings. These reactions are schematically represented by the 
equations below 078>. 
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Figure 2.10 Reactions ofENR with acid <178l 
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These reactions have been used to explain the storage hardening of ENR, which 
contains residual acid from the epoxidation process. The epoxy group can also react 
with amino functional groups. This reaction has been studied <179) as a way of 
synthesising polymer-bound antioxidant. An example of such a reaction is given 
below between ENR and an aromatic amine. 
+ H2N-v OH NH-v 
Figure 2.11 Reaction of ENR with an aromatic amine <178l 
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The reaction between an epoxy group and an amino group has been utilised to 
crosslink ENR by 3-aminopropyltriethoxysilane (APS). The proposed reaction is 
given below 080). 
"oH 
\....,_si ----{OH)3 
Figure 2.12 Crosslinking ofENR by APS 078) 
The reaction of epoxy group with carboxylic group was the mechanism behind the 
synthesis of self-vulcanising rubber blends of carboxylated nitrile rubber and ENR 
070). In the latter part of this study, this reaction will be used in an attempt to induce 
grafting in the sequential IPNs. Similar kinds of reactions have been used to 
crosslink ENR to chlorosulphonated polyethylene rubber (1 71) and polychloroprene 
rubber (IS I). These reactions are given below. 
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Figure 2.13 Crosslinking reactions of ENR with (a) carboxylated nitrile rubber; 
(b) chlorosulphonated polyethylene rubber; and (c) polychloroprene 
rubber 078) 
2.3 Methyl Methacrylate 
Methyl methacrylate is the most important methacrylate ester monomer and in 1991 
accounted for 90% of the volume of methacrylic ester monomer <182). It can be 
polymerised by free radical in bulk, solution, suspension and emulsion processes (SI). 
In the current study, bulk polymerisation of MMA was used to form the second 
polymer network. PMMA is completely amorphous, but rigid with a Tg of around 
105°C 082) It has good optical clarity, strength, dimensional stability, 
weatherability, impact and chemical resistance (1 82). 
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Rigid PMMA is used in the making of windows, bath and shower enclosures, indoor 
and outdoor lighting and plastic lenses <182). Non-rigid applications include coatings 
and treatment for textiles <182). 
2.3.1 Free Radical Polymerisation of Methyl Methacrylate 
MMA has the chemical structure as shown in Figure 2.14 and can be polymerised 
by free radical polymerisation <5ll. Free radicals are produced when initiators 
undergo thermal or photolytic homolytic scission <6l. 
CH3 
I 
CH2=~ 
c=o 
I 
0 
I 
CH3 
Figure 2.14 Chemical structure ofMMA 
In this study, azobisisobutyronitrile (AIBN) was used as a free radical initiator. The 
chemical structure and thermal dissociation of AIBN into free radicals are given 
below<182) 
CH3 CH3 I I 
CH3-C-N=N-C-CH3 I I 
CN CN 
Figure 2.15 Dissociation of AIBN °82l 
The driving force for homolysis of AIBN is the formation of the highly stable 
nitrogen molecule. AIBN has been chosen for the current study, as its dissociation 
temperature is lower than peroxide free radical initiators <51). This factor is important 
to avoid excessive evaporation of MMA monomer in the preparation of sequential 
IPNs. 
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The free radical polymerisation of MMA proceeds via the three steps of initiation, 
propagation and termination °82l. In the first part of the initiation step, the initiator I 
dissociates to form the free radicals, R •. This is followed by the addition of this 
radical to the first monomer molecule to produce the chain initiating species. 
I 2R· 
CH3 CH3 
I k. I R· + CH2=C I R-CHz-C· 
I I 
C=O C=Q 
6 6 
I I 
CH3 CH3 
Ieo is the rate constant for initiator dissociation and lq is the rate constant for 
initiation step. 
Figure 2.16 Initiation step 
During the propagation step, more monomer units are added successively to form a 
long molecule. 
CH3 
I 
R-CHz-C· 
I 
C=O 
6 
I 
CH3 
CH3 
I 
+ nCHz=C 
I 
C=O 
6 
I 
CH3 
kp is the rate constant for propagation step 
Figure 2.17 Propagation step 
When the radicals react with each other, the polymerisation is terminated. This can 
happen by combination °82) to produce a dead polymer. 
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~c 
ktc is the rate constant for termination by combination 
Figure 2.18 Termination by combination 
Termination can also happen by disproportionation (182>. 
CR3 CR3 
I 
CR3 
I -cRz-~· 
I + 
•C-CH2"""' ~d -CHz-C-H 
I 
c=o c=o 
6 6 
I I 
CH3 CH3 
k,d is the rate constant for termination by disproportionation 
Figure 2.19 Termination by disproportionation 
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C=O 
6 
I 
CH3 
CR3 
+ ~=CH.w.w 
I 
C=O 
b 
I 
CH3 
Application of steady state kinetics (182) to these reactions yield the following 
equations: -
Rate of reaction °82> = Rr = kr[tk.i[I]/ kt]05[M] 
where, 
k, = ktc + k,d , and 
(2.8) 
f is the efficiency of radicals to initiate polymerisation, [I] 1s the initiator 
concentration, [M] is the monomer concentration. 
Kinetic chain length 082) V = k/[M]2/2k,Rp (2.9) 
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CHAPTER3 
EXPERIMENTAL 
CHAPTER3 
EXPERIMENTAL 
3.1 Materials 
3.1.1 Elastomeric Network 
3.1.1.1 Epoxidised Natural Rubber 
ENR 25 and ENR 50 were kindly donated by the Malaysian Rubber Producers' 
Research Association, Tun Abdul Razak Laboratory, Brickendonbury, Hertfordshire, 
England. The former rubber contains 25 mole percent epoxy groups and the latter 
has 50 mole percent epoxy content. These rubbers were produced by Kumpulan 
Guthrie Sdn. Bhd., Malaysia, under the trade names of Epoxyprene 25 and 
Epoxyprene 50 and were supplied in bale form. They were stored in a cool and dark 
place until ready for use. These ENRs were used to form the elastomeric polymer 
network I. 
3.1.1.1 Dicumylperoxide (DCP) 
DCP was purchased from Aldrich Chemical Company and was stored m a 
refrigerator before use. It was used as it was to crosslink the rubber. 
3.1.2 Plastomeric Network 
3.1.2.1 Monomers 
Methyl methacrylate (MMA), ethyl methacrylate (EMA) and n-butyl methacrylate 
(BMA) were all purchased from Aldrich Chemical Company. These monomers were 
used to produce the plastomeric polymer network 11. Before use, the inhibitor 
present in each monomer was removed by shaking the monomer in a separating 
funnel with an equal volume of I 0 weight% sodium hydroxide solution. The bottom 
layer was drained off and the top portion was then shaken with deionised water three 
times. After each time, the bottom layer was drained off. After the third time, the 
top layer of monomer was dried over magnesium sulphate. The monomers were then 
stored in a refrigerator before use. 
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3.1.2.2 Divinylbenzene (DVB) 
DVB was purchased from the Aldrich Chemical Company. It was used to crosslink 
the plastomeric constituent. The inhibitor present in DVB was removed using the 
method ascribed in section 3.1.2.1 and it was used without further purification. DVB 
contained isomers and was only of 55% purity. It was also stored in a refrigerator 
before use. 
3.1.2.3 Azobisisobutyronitrile (AffiN) 
AIBN was purchased from BDH and was stored in a refrigerator before use. It was 
used without purification as an initiator in the bulk polymerisation of the monomers. 
3.1.3 Grafting Agent 
Methacrylic acid (MAA) was used as a grafting agent. It was purchased from the 
Aldrich Chemical Company. It was copolymerised by free radical initiator into the 
plastomeric polymer network Il using the double bonds present in its repeat unit. At 
the same time, its carboxylic group was expected to react with the epoxy groups of 
the elastomeric network. It was used as supplied and kept in a refrigerator before 
use. 
The chemical structures of ENR, MMA and AIBN have been given earlier, the 
chemical structures of the other materials are given below. 
/CH3 
CH2=C 
DCP 
37 
"c=o 
/ 0" CH2-CH3 
EMA 
CH=CH2 
MAA 
Figure 3.1 Chemical structure of raw materials (SI). 
3.2 Characterisation of Raw ENRs 
The raw ENRs were characterised with respect to molar mass by gel permeation 
chromatography ( GPC), gel content by solvent swelling and percentage epoxidation 
by 1H nuclear magnetic resonance (NMR) spectroscopy. 
3.2.1 Gel Permeation Chromatography (GPC) 
GPC provides information about average molecular weights <183) as well as the 
molecular weight distribution °83) of the sample. The underlying principle of the 
technique is the separation of the sample by molecular size <183). A dilute solution of 
the sample is introduced into a solvent stream flowing through a column, which is 
filled with a gel-structure porous packing. These gels have a distribution of pore 
sizes, which are of the same dimensions as polymer molecules. 
As the dissolved polymer molecules flow past the porous beads, they can diffuse into 
the internal pore structure of the gel to an extent depending on their size and the pore 
size distribution of the gel. Larger molecules enter only a small fraction of the 
internal portion of the gel or are completely excluded. However, smaller molecules 
penetrate a larger fraction of the interior of the gel. Therefore, the larger the 
molecule, the less time it spends inside the gel, and the sooner it flows through the 
column. The different molecular species are eluted from the column in order of their 
molecular size, the largest emerging first <183). 
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The column eluent is continuously monitored by a sensitive detector, which 
measures the change in an eluent phase owing to the presence of solute, and supplies 
an output signal related to the weight of solute in the eluent. The most commonly 
used detector is the differential refractometer, which measures the difference in 
refractive index between the pure solvent and the eluent. 
The chromatogram obtained is a plot of weight fraction of polymer versus retention 
volume. This is converted into the molecular weight distribution (MWD) curve 
using a calibration procedure. The calibration curve is obtained experimentally by 
relating retention volume to molecular weight for a series of known narrow MWD 
standards 083). These standards elute as sharp peaks with retention volume being 
proportional to molecular weight. Normally, polystyrene standards are used <183). 
Computer software is then used to compute the molecular weight averages. 
3.2.1.1 Sample Preparation 
Sample solutions were prepared by adding 10 m! of solvent to 10 milligram of 
sample and leaving them overnight to dissolve. A small amount of 1 ,2-
dichlorobenzene was added and the solutions were mixed thoroughly. The solutions 
were filtered through a 0.2 micron polyamide membrane before the chromatography. 
3.2.1.2 Chromatographic Conditions 
Equipment Waters 510 
Columns 
Solvent 
Flow rate 
Temperature 
Detector 
Calibration 
30 centimetres long 
tetrahydrofuran with antioxidant 
1 m! per minute 
30°C 
differential refractometer 
polystyrene standards 
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Figure 3.2 Molecular weight distribution curves for ENR 25 and ENR 50 
3.2.1.3 Results and Discussion 
The MWD curves for ENR 25 and ENR 50 are shown in Figure 3.2. The curves 
showed a clear difference in molecular weight between the two ENRs. ENR 25 
appeared to be of significantly higher molecular weight than ENR 50. This was 
quite evident from the computed molecular weight averages given in Table 3.1 
below. The same trend was observed by Bac et al. <184>. However, the two rubbers 
showed similar polydisperity. It must be noted that these results only related to the 
sol content of the rubbers as the gel portion had been removed during the filtration 
process. ENR 25 had 19% whereas ENR 50 had 38% of gel. 
Table 3.1 Molecular weight averages of ENR 25 and ENR 50 
_____ ,_, ___ ,_ _ ____ , ____________ , _________ , ___ , ______ , ____ _ 
Sample Run No. Mw Mu Mw!Mn 
ENR25 
ENR50 
1 
2 
I 
2 
3.2.2 1H NMR Spectroscopy 
771,000 
766,000 
539,000 
535,000 
155,000 
164,000 
110,000 
107,000 
5.0 
4.7 
4.9 
5.0 
In this study, 1H NMR was used to determine the epoxy content of the ENRs. A 
brief account of the principle of 1HNMR is given below. 
Proton nuclei behave as magnets due to the presence of a spin °85>. In the presence 
of an applied magnetic field, the nuclear magnets orient themselves in two 
positions: a low-energy direction aligned with the applied field, and a high-energy 
orientation opposed to the applied field (JSs) When an electromagnetic wave is 
applied to the system, the low energy nuclei absorb some signal at specific 
frequencies to excite and move them into the high-energy state. Traditionally, a 
continuous wave scans the frequency range being studied and a resultant spectrum 
of absorption against frequency is obtained <185>. Nowadays, the electromagnetic 
wave is applied as a pulse. The pulse produces an oscillating wave, which decays 
to zero in a few seconds (!SS>. This signal is called the free induction decay (FID) 
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and the decay takes place as the nuclei relax from the excited state back to their 
equilibrium state 085J. Fourier transformation of FID produces a spectrum similar 
to the one obtained with continuous wave. FT NMR enables large numbers of 
pulses to be applied, thereby intensifying absorption but cancelling noise (185l. 
The proton nuclei in a compound do not all resonate at the same frequency. The 
precise frequency at which each proton resonates is dependent on the applied field 
as well as minute differences in the magnetic environment experienced by each 
nucleus (185J. These differences are caused by the variation in electron density in 
the neighbourhood of each nucleus, with the result that each chemically distinct 
hydrogen atom resonates at a slightly different frequency from all the others (185) 
The variation in resonating frequencies is termed the chemical shift, o (185l. As the 
observed frequencies are affected by experimental variables, the chemical shift is 
measured against the peak of the internal standard tetramethyl silane (1MS) (185l. 
1MS is chosen as it is inert, volatile, non-toxic and cheap and it has only one 
signal, which comes into resonance at one extreme of the frequencies found for 
most organic structures. This signal is taken as zero chemical shift (185l. The 
parameter, o, is expressed as fractions of the applied field in parts per million 
(ppm) (185J. 
The absorption of the signal is generally proportional to the number of protons 
resonating at that frequency (185) This proportionality enables the calculation of 
the amount of a specific proton type present in a molecule of the sample from the 
area of its absorption peak 085l. 
3.2.2.1 Sample Preparation 
I 0 milligram of the sample was dissolved in I 0 millilitres of dueterated chloroform 
(CDCb) containing 0.1% 1MS. The solution was filtered using defatted cotton 
wool, following which it was introduced into a precision-ground tube, 5 
millimetres in diameter to a depth of 2 to 3 centimetres. The tube was then placed 
in the probe of the NMR spectrometer. Measurement was made on samples of 
SMR L, ENR 25 and ENR 50. 
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3.2.2.2 Experimental Conditions 
Equipment DPX 400 Bruker Spectrometer 
Frequency 400.13 MHz 
Sweep width 3400 Hz 
No. of scans 128 
Pulse flip angle 
3.2.2.3 Results and Discussion 
The spectra for the three materials measured are given in Figures 3.3, 3.4 and 3.5. 
Measurement was made on SMR L as it is considered the parent material of the 
ENRs and its spectrum (Figure 3.3) is typical of the 1H NMR spectrum of 
unmodified NR. The main absorption peaks in this spectrum are listed below. 
Table 3.2 1H NMR absorption peaks of SMR L. 
Proton type 
I 
CH3-p-0-
-CH=C-
1 
o(ppm) 
1.3 
1.5-1.7 
2.0-2.1 
5.1 
The peak for TMS is observed at 0 ppm while that of CDCb is seen at 7.3 ppm. 
The spectrum shows that the NR is reasonably pure. 
The spectrum for ENR 25 (Figure 3.4) shows all the peaks observed in SMR L 
together with two new ones due to the epoxy groups. 
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Table 3.3 1H NMR absorption peaks ofENR 25 
Proton type o(ppm) 
I 
CH3-C-O-
I 
1.2- 1.3 
CH3-C =C-
I I 
1.5- 1.7 
-CH2- 2.0-2.1 
-c\f- 2.6-2.7 
---er-OH 3.6 
-CH=~- 5.1 
The peaks for TMS and CDCh are observed as in SMR L. A new peak observed at o 
value of 2.6 to 2.7 ppm is due to the methine proton attached to the oxirane ring. A 
small peak observed at 3.6 ppm may be due to a methine proton adjacent to a 
hydroxyl group. The hydroxyl group may have been introduced into the molecule as a 
product of an epoxy ring-opening reaction °78>. Such a reaction could have taken 
place during the storage of the ENR 25 where residual acid from the epoxidation 
process can protonate the epoxy groups leading to the formation of diol <178>. 
However, judging by the size of the peak, this did not happen to any great extent. 
Using the integral of the oxirane and olefinic methine peaks, an epoxy content of 
around 29 mole % was obtained. 
1H NMR spectrum ofENR 50 (Figure 3.5) shows similar peaks to that ofENR 25. 
The only difference is in the relative size of the peaks. An epoxy content of around 
53 mole % was obtained from the spectrum. 
47 
3.2.3 Determination of Gel Content 
The gel content of ENR 25 and ENR 50 was determined by standing 0.3 gram 
samples in I 00 millilitres of toluene for 48 hours at ambient temperature. The 
solution was then filtered through a weighed I 00 mesh sieve. The sieve was then 
dried to a constant weight in an oven at 70°C. The percentage of gel was calculated 
based on the original weight of rubber used (186l. Five samples of each ENR were 
tested. 
3.2.3.1 Results and Discussion 
The results show that increase in epoxidation also leads to an increase in the gel 
content. Similar results have been obtained by other workers (187). The average of 
five values of gel content obtained for the two ENRs are tabulated below. 
Table 3.4 Gel content ofENR 25 and ENR 50 
Rubber 
ENR25 
ENR50 
3.3 Apparatus 
Gel content, weight % 
19 
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The main apparatus for the preparation of IPNs are briefly described below. The 
equipment for characterising the IPNs are discussed under the relevant techniques 
used in section 3.7. 
3.3.1 Guillotine 
This was used to chop the rubber bale into lumps small enough to be milled on a two-
roll mill. 
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3.3.2 Two-roll Mill 
An oil-heated Bridge two-roll mill was used for masticating the ENRs and also for 
incorporating DCP into the rubbers. 
3.2.4 Monsanto Oscillating Disc Curometer 
Monsanto Rheometer lOOS was used to determine the cure time at 150 ± 0.5°C of the 
ENRs with various loadings ofDCP. 
In this measurement, the rubber specimen was placed in a cylindrical cavity 50 x 10 
millimetres and has embedded in it a biconical rotor of diameter 37 millimetres, 
which was oscillated sinusoidally through a small amplitude. The specimen and 
cavity were maintained at the chosen temperature by electric heaters, whilst the dies 
which form the cavity were held together by a force of about 1.5 MPa exerted by 
means of a ram actuated by compressed air. Strain gauges attached to the rotor 
measure the force required to oscillate it. As the rubber crosslinked, its modulus 
increased 088) and it required a higher force to deform it. The equipment produced a 
plot of torque against curing time from which the time for optimum cure was 
detected. 
3.3.4 Hydraulic Press 
This was used to cure the rubber sheets in a steel mould at 150°C under pressure. The 
mould comprised of two square steel plates with dimensions of 230x230x5 
millimetres. Sandwiched between these plates was a steel frame of the same 
dimension but with a square cutout of 170x170 millimetres in the middle of it. 
3.3.5 Oven 
A Statim air oven was used for the polymerisation of the plastomeric network. 
Moulds were placed in the middle region of the oven as this position gave the best 
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temperature accuracy of ± 2° C. The mould in this case, consisted simply of two 
square aluminium plates measuring 230x230x4 millimetres. 
3.3.6 Vacuum Oven 
Gallenkamp vacuum oven was used for the drying of samples which was done at 
room temperature. 
3.4 Preparation of Elastomeric Sheets 
The rubber was chopped into small lumps using the guillotine. It was then masticated 
on the 2-roll mill at 40°C for 3 minutes. DCP was added and mixing was done on the 
same mill for a further 3 minutes at the end of which the rubber was sheeted out. 
Batches with 0.5, 1, 1.5, 2.5, 3.5 and 5 per hundred rubber (phr) DCP were produced. 
In the case ofENR 50, only 2.5 phr DCP was used. 
The curing time of each batch was determined on the Monsanto oscillating disc 
curometer at 150°C following the procedure of ASTM D 2084-92. The rubber was 
then vulcanised at 150°C in the hydraulic press using steel mould to produce sheets 
with dimensions of 170x170x2 millimetres. 
3.5 Preparation of Sequential IPNs 
The monomer was mixed with 0.2% (w/w) AIBN and varying amounts of DVB. 
Mixtures with 0, 2.5, 5, 7.5 and 10.0 weight% DVB were prepared. Vulcanised ENR 
sheets of known weight were swollen in the monomer mix for varying lengths of time 
to produce ENR/methacrylate combinations with ratios of 75:25, 50:50 and 25:75, 
respectively. The swollen sheets were then wrapped in polyester films and clamped 
between aluminium plates. The sheets were kept in the refrigerator overnight to allow 
the monomer mix to diffuse evenly throughout the ENR sheets 089). The monomer 
mix was then polymerised by placing the matured sheets in an oven at 50°C for 24 
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hours. At the end of this period, the temperature was raised to 90°C and the sheets 
were maintained at this temperature for 4 hours. The sheets were taken out and 
examined visually before being placed in a vacuum oven at room temperature until 
they showed no further loss in weight. The sheets were then stored in a desiccator in 
the dark ready for testing. 
In the IPNs of ENR 25/PEMA and ENR 25/PBMA, only the 50:50 IPNs were 
synthesised. ENR 25 sheets with 2.5 phr DCP were used in these IPNs and only one 
level ofDVB, 5 weight%, was used in the plastomeric network. 
In the case of ENR 50, again only the 50:50 IPNs were synthesised using elastomeric 
sheets with 2.5 phr DCP and the plastomeric network was crosslinked with 5 weight 
%DVB. 
In the synthesis of grafted IPNs, ENR 25 containing 2.5 phr DCP were used. 
However, the monomer mixtures in these cases, were made up of 75% (w/w) of the 
monomer and 25% (w/w) of the grafting agent. 0.2% (w/w) AIBN and 5% (w/w) 
DVB were added to the mixtures. The vulcanised elastomeric sheets were swollen in 
the monomer mix to produce 50:50 composition ratio of rubber:methacrylate. The 
swollen sheets were then treated in the same way as in the preparation of normal 
IPNs. 
3.6 Preparation of Plastomeric Sheets 
Two pieces of polyester film were stuck to the front and back of a square steel picture 
frame with 140x!40x2 millimetres dimensions. The frame had a square cut out of 
IOOx!OO millimetres. The first piece of film was stuck to all four edges of the frame. 
The second piece was stuck to three edges of the frame, but a gap of 2 millimetres 
was left between the edge of the film and the fourth edge of the frame. This 
assemblage formed a 100xl00x2 millimetres cavity. Holding the frame vertical with 
the gap along the top edge of the frame, a monomer mix similar to the one used to 
swell the ENR sheets was introduced by a dropper into the cavity through the gap. 
The filled cavity was then clamped between aluminium plates in the vertical position 
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and subjected to the same polymerisation conditions as the swollen rubber sheets. 
Plastomeric sheets with nominally similar levels of crosslinking as in the IPNs were 
produced this way. 
3.7 Analysis of Products 
The main characterisation techniques used to analyse the IPNs were DMT A and 
MTDSC. The analyses generated information about IPN miscibility, morphology, the 
engineering properties and the damping characteristics of the materials produced. The 
products were further characterised by tensile testing and transmission electron 
microscopy. In most cases, the pure parent components were tested as well so that 
comparison could be made. These techniques and the instrumentation are briefly 
described in the following sections. 
3.7.1 Stress-Strain Measurements 
Tensile measurements are used to characterise the mechanical properties of polymers 
<
190l. The test is done by measuring continuously the force developed as the sample is 
elongated at a constant rate of extension (4) The resulting load-elongation curve is 
readily converted to an engineering stress-strain curve <191l. Figure 3.6 shows the 
generalised tensile curves for several types of polymeric materials: a) weak and soft, 
b) hard and brittle, and c) tough and strong. From the tensile measurements, several 
useful quantities, including Young's modulus, yield stress, strength and elongation at 
break can be obtained (I90). 
Figure 3.6 
Strain at break 
Stress cr 
Strain e 
Tensile curves for polymeric materials 
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ill' I Stress at break 
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3.7.1.1 Sample Preparation 
Small-sized dumb-bells with gauge length of 30 millimetres were cut from the IPNs, 
vulcanised ENRs and pure methacrylate sheets using a steel cutter. IPNs containing 
75 weight % PMMA and pure plastomeric sheets had to be heated in an oven at 
100°C for a few minutes before test pieces could be cut Test pieces were cut 24 
hours before testing. 
3.7.1.2 Experimental Conditions 
5 test pieces were then tested on a Lloyd I 2000R tensile testing machine using a 
I OOON load cell and crosshead speed of 50 mm/minute at 23 ± I oc. By keying in the 
test piece dimensions, the interfaced computer yielded values of elastic modulus, 
tensile strength and % elongation at break for each sample. 
3.7.2 Dynamic Mechanical Thermal Analysis 
Due to its viscoelastic nature, the magnitude of the strain & in a polymer is a function 
of time as well as the stress u. In dynamic deformations, the strain lags behind the 
stress by the angle 8 . 
The stress and strain at timet are given by the following equations (192): -
u=uosin(mt+o) (3.1) 
& = & 0 sinmt (3.2) 
where m is the angular frequency and subscript 'o' refers to maximum values of 
stress and strain. 
Equation 3.1 can be expanded as shown below. 
u = uo sin(!)(coso +uo cos(!)(sino (3.3) 
The stress can be resolved into two components, one in phase and the other 90° out of 
phase with the strain (192). 
u'= (jo coso 
u"= uo sino 
Two moduli may be defined as: 
E'= u' = uo coso 
Eo 8, 
(in phase) 
(out -of phase) 
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(3.4) 
(3.5) 
(3.6) 
(3.7) 
These moduli define a complex modulus E* by the equation: -
E*= E' + iE" 
as represented by the following diagram 093l. 
E" 
E' 
Figure 3.7 Diagram for complex modulus <193l. 
(3.8) 
E" 
Tano= 
E' 
(3.9) 
The real part of the modulus is called the storage modulus and is an indication of the 
stiffness of the material. It relates to the energy stored in the sample upon 
deformation. The imaginary modulus is also called the loss modulus and it defines 
the dissipation of energy as heat upon deformation. Tan o is the ratio of energy 
dissipated to the energy stored per cycle <194l. This value is maximum at the glass 
transition temperature of the polymer as more energy is absorbed by molecular 
motion. 
The tan o of a material is commonly used to gauge the damping ability of that 
material <195l. Increase in tan o value signifies improved damping <195l. The 
mechanism of damping <126) is the conversion of mechanical energy into heat. The 
phenomenon is optimum <127) at the glass transition region of a polymer, as higher heat 
loss is experienced with the increase in molecular movement. Obviously, the broader 
the transition peak, the wider is the damping range of the material. A material is 
deemed (SS) to have good damping properties if it possesses a tan o value of greater 
than 0.3 over a temperature range wider than 70°C. 
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3.7.2.1 Instrumentation 
The instrument used in this work was the Rheometries Scientific MK II Dynamic 
Mechanical Thermal Analyser. This instrument is shovm schematically in Figure 3.8. 
Figure 3.8 
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Clamping arrangement for dual cantilever bending mode (191\) 
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The sample was fixed in clamps in a demountable temperature enclosure. Bending 
mode of deformation was used on samples in the form of small bars. Stress 
proportional to the level of alternating current fed to the drive coil from the analyser 
module was applied to the sample. The frequency of oscillation can be selected from 
0.01 to 200 Hz. Strain proportional to the displacement of the drive clamp was 
monitored by a transducer. Stress and strain signals were compared in the analyser 
where the strain was resolved into its in-phase and out-of phase components. Input of 
sample geometry constants allowed the computation of log E' and tan o. The 
temperature can be ramped up or down at a controlled rate using the temperature 
programmer. To lower the temperature below ambient temperature at the beginning 
of a test, liquid nitrogen was passed into the temperature enclosure. 
3.7.2.2 Information from DMTA Data 
Data obtained from DMTA are in the form of profiles of tan o or E' or E" versus 
temperature. An example of tan o versus temperature curve for a two-component 
immiscible polymer combination is shown below. 
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Figure 3.10 Tan o versus temperature for two immiscible polymers 
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Some useful infonnation can be inferred from this curve. The relative heights of the 
peaks can give an approximate indication of the proportion of the two components. 
The component showing higher maxima also constitutes the continuous phase (JO>, 
Peaks located at the Tgs of the respective homopolymers would be observed for 
immiscible systems. Improved miscibility would be indicated by inwards shift of the 
peaks, broader peaks, as well as high tan 8 values in the inter-transition zone. A semi-
miscible system would produce a single but very broad peak whilst a miscible one 
exhibits a sharp peak located between the two Tgs. 
A plot of log E' versus temperature for the above system is shown in Figure 3.11. 
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Fib'llre 3.11 Log E' versus temperature for two immiscible polymers 
[ncreased chairi 1iiobility at the glass transition leads to a softening of the material and 
this is manitested as a tall in E' value. The curve above shows two steps illustrating 
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the two distinct glass transitions of the material. Improved miscibility can be 
discerned by the inward shift of the transition steps. A semi-miscible system with a 
broad transition would produce a single gentle slope, whilst a miscible one would 
produce a single sharp drop between the two Tgs of the homopolymers. 
3.7.2.3 Sample Preparation 
Test pieces with dimensions of35xl0x3 millimetres were cut from the prepared IPNs, 
vulcanised elastomeric sheets as well as pure plastomeric sheets. IPNs containing 
75% PMMA and pure plastomeric sheets had to be heated in an oven at 1 oooc for a 
few minutes before test pieces could be cut. These test pieces were cut 24 hours 
before testing. 
3. 7.2.4 Experimental Conditions 
The test pieces were fixed in a dual cantilever clamping assembly. Using liquid 
nitrogen to lower the temperature of the samples, they were analysed in a temperature 
range between -50 to 200°C at a heating rate of 3°C/minute. The frequency chosen 
was 10Hz and the strain amplitude was set at x4. 
3. 7.3 Modulated-Temperature Differential Scanning Calorimetry 
In a conventional DSC (4), a temperature circuit measures and controls the temperature 
of a sample and reference (empty sample pan) to conform to a predetermined time-
temperature programme. This temperature is plotted on the x-axis of a recorder. 
Simultaneously, a temperature-difference circuit compares the temperatures of the 
sample and reference and proportions power to both of them, such that, the 
temperatures remain equal. When the sample undergoes a thermal transition, the 
power to sample and reference is adjusted to maintain their temperatures. A signal 
proportional to the power difference is plotted against the temperature axis. The area 
under the resulting peak gives the enthalpy of the transition (4). In this equipment, a 
linear heating rate is employed. 
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The heat flow (l97) in such a system is given by: 
dQ dT 
-;}( = cp, dr + f(t,T) (3.10) 
where, ~; is the heat flow, C pt ,the reversing heat capacity of the sample due to its 
molecular motions, ~ the heating rate, and f ( t, T), the heat flow arising as a 
consequence of a kinetically hindered event. 
The first term in the equation is directly proportional to the heating rate and 
consequently its response is rapid in relation to the time scale of the measurement 
<
19
7). This is a reversible process but the term reversing is preferred, to differentiate it 
from processes like melting and crystallisation <197) The latter are reversible but 
require larger temperature cycle for reversibility. Therefore, these processes come 
under the second term in the equation, f ( t, 1), the response of which, in relation to 
the time scale of measurement is kinetically hindered (l97). These processes are 
termed non-reversing (l 97). 
In MrDSC, the heating ramp is modulated sinusoidally, producing a temperature 
change given by (l97): 
T =To+ bt + Bsinrot (3.11) 
where T is the measured temperature, To, the starting temperature, b, the heating rate, 
t , the time, B, the amplitude of the modulation and ro , the angular frequency of 
modulation 
The heat flow in this system is given by (l 97): 
~; = bCP, + j(t,T) [underlying signalJ + 
m BCP, cosm t + Csinm t [cyclic signalJ (3.12) 
where j(t, T) is the average of f(t,T) over the interval of one modulation and 
C is the amplitude of the kinetically hindered response to the temperature 
modulation 
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The raw MTDSC signals are shown in Figure 3.12 below. 
Figure 3.12 
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The sum of all thermal events in the sample can be observed from the total heat flow 
signal, which is obtained by calculating the average value of the modulated heat flow 
by Fourier transformation analysis. This signal is qualitatively and quantitatively 
equivalent to the heat flow signal from conventional DSC at the same average heating 
rate. [Figure 3.13] 
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From the raw MTDSC signals, heat capacity signal is calculated from the ratio of the 
modulated heat flow amplitude divided by the modulated heating rate amplitude. The 
heat capacity signal calculated from MTDSC raw signals is shown in Figure 3.14. 
Figure 3.14 
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The reversing heat flow in MTDSC is obtained by multiplying the heat capacity by 
the average heating rate. This signal is shown in Figure 3.15 
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The non-reversing heat flow is the kinetic component of the total heat flow. lt is 
calculated by subtracting the heat capacity component from the total heat flow. This 
si!,'llal is shown in Figure 3.16. 
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Figure 3.16 Total, reversing and non-reversing heat flow signals from MTDSC 0981 
One of the principal advantages of MTDSC is that the value of the heat capacity 
change at the glass transition °991 can be determined independently of any enthalpic 
effects due to relaxation events. Song et al. 11991 showed that using the MTDSC 
differential heat capacity versus temperature si!,'llal, the glass transition process in a 
binary polymer blend can be studied. They showed that the dC P I dT versus 
temperature signal for a homopolymer yielded a peak at its Tg and the area under the 
peak gives the increment in heat capacity of the material at its Tg. 
r, 
!J.Cr = J [dCr I dT]dT 
7; 
(3. 13) 
where !J.Cr is the increment in heat capacity, 7;, the temperature at the beginning of 
the glass transition, and Tr the temperature at the end of the glass transition. 
The dCr I dT versus temperature signal for a miscible blend is a single peak at its Tg 
1199) For an immiscible polymer blend, the total !J.('P is the linear sum of the M'r 
f h . I 110o1 values o t e constituent po ymers . 
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(3.14) 
where !J.C P is the total increment in heat capacity, !J.C pi and !J.C P2 are the values of 
the increment of heat capacity at the corresponding Tgs. 
An interfacial region, usually present in a partially miscible blend, also contributes to 
the total !J.CP <200): 
(3.15) 
where !J.C pi is the increment of heat capacity of the interface in its glass transition 
reg~on. 
!J.Cpl = lVI!J.CpiO 
!J.Cp2 = tV2!J.Cp2o 
(3.16) 
(3.17) 
where 0 1 and 0 2 are the weight fractions of polymer I and II in the blend, 
respectively, !J.CP10 and !J.CP20 are the increment in heat capacity of pure polymer I 
and II respectively, at their Tgs. 
The weight fractions of polymer I and II in the interface, 51 and 52 , respectively, are 
given <200l by the following equations: 
!J.C pi 
<>; = !Vw !J.Cpw 
(3.18) 
(3.19) 
where 0 10 and 0 20 are the weight fractions of polymer I and II before mixing. 
3. 7.3.1 Instrument 
Measurements were made on a DSC 2920 Modulated DSC supplied by TA 
Instruments. 
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3.7.3.2 Sample Preparation 
For each material, a small piece of sample weighing approximately I 0 mg with two 
flat parallel surfaces was cut. The test piece was weighed accurately and placed on its 
flat surface in a sample pan. The sample pan was covered with a lid and the whole 
assemblage was crimped to produce a sealed sample pan with a good surface contact 
between the bottom of the pan and the sample. 
3.7.3.3 Experimental Conditions 
Measurements were carried out on all the IPNs and their parent materials using an 
oscillation amplitude of± 1 oc and an oscillation period of 60 seconds. The heating 
rate was 3°C per minute and the heating chamber was purged with nitrogen gas. In 
cases where the starting temperature of the measurement was sub-ambient, liquid 
nitrogen was used to lower the temperature of the heating chamber. Before each run, 
the samples were kept isothermally at the starting temperature for 10 minutes. 
3.7.4 Transmission Electron Microscopy 
Microscopic techniques yield direct visual evidence of the morphological 
characteristics of multicomponent polymer systems. Hence, they are usually 
employed in the characterisation of blends <201 •202). Due to the small domain size 
prevalent in IPNs, electron microscopy, particularly TEM, have been used to obtain 
information about domain shapes and sizes and their distribution in such systems. At 
high magnifications, domains in the order of 1 nanometre can be observed (203) The 
need for ultrathin specimens, however, renders the sample preparation laborious. The 
instrument and the interpretation of micrograph have been described elsewhere (2031. 
3. 7.4.1 Instrument 
The TEM studies were carried out using a Joel lOO instrument with an accelerating 
voltage of 60kV and sample magnifications from 5000 to 300000. 
64 
3.7.4.2 Sample Preparation 
The material was cut into a matchstick-like strip 15 millimetres long. The tip of one 
end was trimmed into a sharp pyramid. This strip was then immersed into a 2% Os04 
solution for two days in order to harden and stain it <204). The hardening effect 
facilitated the sectioning of the material, while staining improved the contrast between 
an unsaturated and a saturated component of the IPNs. The staining of unsaturated 
polymers by Os04 takes place because it adds to the unsaturated polymer chains by 
opening up the double bonds as shown below <205). 
-c=c-vo 
/~ 
-c=c-
Figure 3.17 Simplified reaction scheme for Os04 staining 
After washing off the excess Os04 with distilled water, the sample was dried and 
embedded in epoxy resin to improve the hardness further. The resin was polymerised 
at 70°C for nine hours. Ultrathin sections of 100nm thickoess were cut using an LKA 
Bromma 8800 Ultratome III ultramicrotome fitted with a glass koife. The ultrathin 
segments were placed onto a copper grid for support and this grid was stored in a 
sample case ready for microscopy. 
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CHAPTER4 
IPNS BASED ON ENR 25 
CHAPTER4 
IPNS BASED ON ENR 25 
4.1 Preparation of Elastomeric Sheets 
During the mastication and mixing of ENR 25 on the two-roll mill, a slight problem 
was the sticking of the rubber to the rolls. This has been observed by other workers 
0 9) and has been attributed to the increase of adhesive strength to steel with increase 
in epoxidation ofNR. 
The curometer traces did not show significant differences in time of optimum cure 
between ENR 25 batches containing different levels of DCP. Traces for ENR 25 
containing I, 2.5 and 5.0 phr DCP are shown in Figures 4.1, 4.2 and 4.3. These 
traces all showed marching cure where the torque continuously increased with time 
of cure, albeit the increment got lower and lower with longer curing time. A cure 
time of 58 minutes was used for all ENR 25 sheets. At the end of the cure time, 
transparent light brown sheets of vulcanised ENR 25 were obtained. 
Torque 
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Figure 4.1 
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4.2 Preparation ofiPNs 
The major problem encountered in the preparation of IPNs was the evaporation of 
the monomer mix from the edges of the IPN sheets (see Figure 4.4). As such, the 
IPNs produced were not uniform . 
. ·.·.·.· ,..:..·.·. ·.·.· .· .· .· .·.· . 
. :- :-v-' ~ - :-
.. "") StiffiPN region 
Flexible rubbery region 
:-: A "'- .-: 
.·.·.·.· .·.· .. ·. · ..... ·. ·:'.· . 
. . . . . . . . . . . . . . . . 
Figure 4.4 IPN sheet prepared the original method. 
From the hardness of the materials, it was deduced that the central part of the sheets 
was quite uniform, but there was a reduction in PMMA content towards the edges. 
In fact, the edges were so soft and fleXIble that they might have been pure rubber and 
devoid of PMMA. To eradicate evaporation, attempts were made to seal the 
polymerising system by using various types of rubber gaskets and strips. These 
attempts did not produce the desired result. In the end, a simple solution was devised 
to address this problem. This was achieved by cutting a square picture frame border 
4 centimetre wide on the vulcanised ENR 25 sheets as shown by the dark shaded part 
in Figure 4.5 below. 
Figure 4.5 ENR 25 sheet with cut picture frame border 
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The borders and central portions were weighed separately and then swollen in the 
monomer mix. The swollen portions were wiped dry, weighed again, and then 
assembled as per the original sheets. They were then wrapped in polyester film and 
clamped between aluminium plates before being left in the refrigerator to stabilise. 
At the end of this process, the portions were quickly weighed and subsequently 
polymerised in the polyester film between the aluminium plates under the conditions 
mentioned in section 3.5. After the polymerisation process, it was observed visually 
(see Figure 4.6) that evaporation had taken place from the edges of the picture frame 
borders, whilst the unshaded square central portions looked uniform. This was 
confirmed by the insignificant loss of weight from the central portions . 
Figure 4.6 
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IPN sheet prepared by cutting picture frame border. 
It has to be stressed that making uniform, good quality IPN sheets took some time to 
achieve. 
It was also observed that vulcanised ENR 25 sheets with higher DCP contents 
required longer swelling time to reach a certain composition as compared to those 
with lower DCP contents. This was as expected since the higher the crosslinking 
level in the elastomer the more slowly the monomer mix will diffuse into the rubber 
mass. Attempts to produce IPNs with 5 phr of DCP in the ENR 25 network were 
aborted as the sheets obtained after polymerisation of MMA were very uneven and 
cracked. 
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4.3 ENR 25/PMMA IPNS 
4.3.1 Composition Study 
The aim of this study was to investigate the influence of composition on IPN 
miscibility and the dynamic mechanical and tensile properties of the materials. ENR 
25 with 2.5 phr DCP was used to prepare IPNs with 25, 50 and 75 weight % of 
PMMA. The PMMA component was crosslinked with 5 weight % DVB. The pure 
homo-polymers were also produced under the same experimental conditions. 
4.3.1.1 DMTA Studies 
The loss factor versus temperature data for the ENR 25/PMMA IPNs with 100:0, 
75:25, 50:50, 25:75 and 0:100 ENR 25:PMMA ratios are shown in Figure 4.7. The 
dynamic mechanical properties are summarised in Table 4.1. 
Table 4.1 Dynamic mechanical properties of the ENR 25/PMMA IPNs and the 
homo-networks as a function of composition. 
c;;;;;p;;;;t;~-n ------·--yg(i,;;,a;-;c-) ----T,;;;-8 m;~inll-;;;;-----i~~7i'tio"';;-
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0 -15 2.25 
25 
50 
75 
100 
-13 
-13 
-10 
105 
121 
136 
141 
0.76 
0.27 
0.12 
0.20 
0.35 
0.38 
0.36 
0.19 
0.16 
0.12 
As can be seen from Figure 4.7, the IPNs showed two distinct Tgs throughout the 
composition range studied. This indicated the immiscibility ofENR 25 and PMMA. 
Further prove of this was the low inter-transition value measured midway between 
the ENR 25 and PMMA homo-network glass transitions. On the whole, the inter-
transition values were low for all composition ratios and it decreased with decreasing 
ENR 25 content in the IPNs. The low values signified only limited mixing in the 
IPNs. This was not unexpected as the immiscibility between the two components 
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can be predicted from the significant difference in their solubility parameters (IOJ. 
The o value for PMMA is 18.6(MPa)112 (lOJ, whilst that ofENR 25 is 17.4(MPa)112<19l. 
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Loss factor versus temperature plots for the ENR 25/PMMA IPNs. 
(a) 100:0, (b) 75:25, (c) 50:50, (d) 25:75 (e) 0:100 ENR 25/PMMA. 
The loss factor versus temperature data clearly showed that the loss factor peak 
height reflected the amount of the constituent polymers in the IPNs. The ENR 25 
loss factor decreased with decreasing ENR 25 content, whilst the PMMA loss factor 
increased with the corresponding increase in PMMA content. The loss factor peak 
height can give an indication about the phase continuity (IO) of a polymer blend, with 
the material constituting the more continuous phase exhibiting the higher peak. As 
expected, Figure 4. 7 shows that the rubber phase was continuous in the 75:25 IPN, 
while the plastomer phase was dominant in the 25:75 IPN. Two transition peaks of 
the same height may be an indication for dual phase continuity (IO)_ This situation 
was probably encountered in the 50:50 IPN. The locations of the loss factor peaks 
yielded the Tgs of the two phases of the IPNs. The data in Table 4.1 show that the 
Tgs of the two components in the IPNs were shifted inwards in relation to the Tgs of 
the pure homo-networks. This inward shift in Tg is usually interpreted as indicating 
71 
the occurrence of mixing (S). The shifted transition must be a mixed transition and 
indicated the presence of both ENR 25 and PMMA constituents in that phase. The 
position of the transition was dependent on the composition of the phase. The Tg of 
ENR 25 shifted slightly to a higher temperature, from -l5°C in the pure ENR 25 to 
-l0°C in the 25:75 ENR 25:PMMA IPN. Starting with the crosslinked ENR 25 
sheet, the limited miscibility produced a matrix consisting mostly of the elastomer 
with just a small proportion of PMMA. However, a more obvious shift in the 
PMMA Tg in the IPNs was observed. The crosslinked PMMA yielded a Tg at 
14l°C, whilst the PMMA Tg in 75:25 ENR 25:PMMA IPN went down to 105°C. 
The crosslinked ENR 25 sheet possibly contained a random spread of irregular 
intermolecular interstices. At low PMMA concentrations, the small occluded 
PMMA domains experienced forced mixing with the matrix producing a phase with 
a much lowered transition. The mechanism of forced mixing was probably 
molecular interdiffusion across the interface, resulting in a diffused interface. It has 
been reported <206) that in an immiscible system, interfacial thickness of I to 20 
nanometres can be obtained, depending on the degree of miscibility of its 
components. As the PMMA concentration was increased, the possibility of a 
PMMA-rich region increased, thereby producing a phase with a higher transition. 
Another possible explanation for the lowering ofPMMA Tg in the IPNs was that the 
degree of crosslinking ofthe PMMA constituent in the IPNs might be lower than that 
in the homo-network. 
Another striking feature of these IPNs was that despite the immiscibility of the 
components, transparent sheets of the IPNs were produced. A possible explanation 
for this would be that, although the IPNs phase separated, very small phase domain 
was actually produced. As such, light can pass through the sheets without much 
scattering taking place. 
The storage modulus versus temperature data showed the same trend as the loss 
factor results. The ENR 25 homo-network exhibited one sharp drop in modulus at its 
Tg. The PMMA homo-network showed one distinct drop in modulus followed by a 
more gradual decrement. This behaviour reflected the broad transition observed in 
the loss factor results. This peak broadening at a high level of crosslinking was 
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believed to be due to heterogeneity in the network fonnation. Consequently, a 
distribution of crosslink densities was produced in the material, which in turn gave 
rise to a distribution of transitions. The IPNs all showed two-step drop in modulus, 
which is characteristic of a two-phase morphology. The extent of modulus drop 
reflected the relative amount of the components in the material. As the content of 
PMMA in the IPNs was increased, the rubbery plateau between the ENR 25 Tg and 
PMMA Tg increased to higher modulus reflecting the higher stiffuess of material 
with higher plastomeric content. The shifts in T gs in the IPNs in comparison with 
the homo-networks were also observable from the storage modulus data. 
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Storage modulus versus temperature plots for the ENR 25/PMMA 
IPNs. (a) 100:0, (b) 75:25, (c) 50:50, (d) 25:75 (e) 0:100 ENR 
25/PMMA. 
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Loss modulus versus temperature plots for the ENR 25/PMMA IPNs. 
(a) 100:0, (b) 75:25, (c) 50:50, (d) 25:75 (e) 0:100 ENR 25/PMMA. 
The loss modulus versus temperature data showed single Tgs for the homo-networks, 
but two distinct transitions for the IPNs. The ENR 25 transition peaks became less 
prominent with decreasing ENR 25 content. The same trend was observed with the 
PMMA transition. Inwards Tg shifting of both components could be clearly seen in 
the IPNs in comparison with the Tgs of the homo-networks. In general, the Tgs 
obtained from the loss modulus curves were lower than the Tgs from the loss factor 
peaks. 
The dynamic mechanical data clearly indicated phase separation over the entire 
composition range studied. Significant shifting of Tgs, particularly that of the 
PMMA phase was observed. The clarity of the materials was probably due to the 
formation of very small domains. 
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4.3.1.2 MTDSC Studies 
The derivative heat capacity (dCpfdT) versus temperature plots for the 75:25, 50:50 
and 25:75 ENR 25/PMMA IPNs are shown in Figures 4.10, 4.11 and 4.12, 
respectively. The complex shapes (200) of the curves showed that the morphology of 
the IPNs was not a simple two-phase structure with sharp boundaries. As mentioned 
earlier the peaks c199J were directly related to the change in heat capacities of the 
phases at their Tgs [see Equation 3.15]. These curves seemed to indicate that the 
IPNs were made up of ENR 25 and PMMA phases with mixed phases in between. 
Indeed, Hourston et al. c200J have shown that MTDSC data can be used to study the 
mixed phases in multi-component polymer materials. Using a computer analysis 
technique and following work by Song (207), the curves were resolved into 5 Gaussian 
peaks and the best fit was obtained. The peaks were assigned as follows: peak (1) 
due to ENR 25 phase, peak (2) due to ENR-rich phase, peak (3) due to interphase, 
peak ( 4) due to PMMA -rich phase and peak ( 5) due to PMMA phase. Hourston et al. 
(200J and Song et al. (206) have shown that the area under a peak, obtained by 
integrating the signal over a glass transition region [see Equation 3.13], yielded the 
heat capacity of the phase represented by that peak. The area (207) could then be used 
to estimate the percentage of that particular phase present in that material. 
For example, 
Percentage interphase 
Percentage mixed phases 
= Areaofpeak(3) x 100 
Area of peaks (1)+(2)+(3)+(4)+(5) 
Area of peaks (2)+(3)+(4) X 100 
Area of peaks (1)+(2)+(3)+(4)+(5) 
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Figure 4.10 dCrfdT versus temperature plot for the 75:25 ENR 25/PMMA IPN. 
( I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-rich (5) PMMA 
phase. 
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Figure 4. 11 dCp/dT versus temperature plot for the 50:50 ENR 25/PMMA TPN. 
(1) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-rich, (5) PMMA 
phase. 
76 
0 005 
0 .004 
() 
.2 
() 
.2 0.003 
~ 
::;_ 
t- 0 002 
'0 
a. 
() 
'0 
0 001 
0 .000 
-50 0 50 
Temperature (oC) 
--dCp/dT profile 
- - fit curve 
-- resolved peaks 
100 150 
Figure 4.12 dC~dT versus temperature plot for the 25:75 ENR 25/PMMA IPN. 
Table 4.2 
Peak 
--
1 
2 
3 
4 
5 
( I) ENR, (2) ENR·rich, (3) interphase, (4) PMMA-rich, (5) PMMA 
phase. 
Resolved peaks from the 75:25 ENR 25/PMMA IPN dC~dT versus 
temperature plot. 
Area J/ ~C) Location (°C) %Area 
0.307 -34 ( -39) 60 
0.022 -14 4 
0.089 3 17 
0.020 31 4 
0.075 67(111) 15 
The values in brackets refer to the transition peaks for the homo-networks. 
The locations and areas of the resolved peaks for the three IPNs are given in Tables 
4.2, 4.3 and 4.4. 
The Tgs for the homo-networks were -39°C for ENR 25 and 11 I °C for the PMMA. 
These values were much lower than the corresponding Tgs obtained from the loss 
factor of DMT A, but closer to the Tgs of the loss modulus. 
77 
Table 4.3 
Peak 
1 
2 
3 
4 
5 
Resolved peaks from the 50:50 ENR 25/PMMA IPN dCpldT versus 
temperature plot. 
Area (J/g/°C) 
0.167 
0.050 
0.081 
0.063 
0.095 
Location (°C) 
-35 ( -39) 
-20 
5 
44 
96 (lll) 
%Area 
37 
11 
18 
14 
20 
The values in brackets refer to the transition peaks for the homo-networks. 
Table 4.4 
Peak 
1 
2 
3 
4 
5 
Resolved peaks from the 25:75 ENR 25/PMMA IPN dCpldT versus 
temperature plot. 
Area (J/g/0 C) 
0.072 
0.099 
0.049 
0.135 
0.133 
Location (0 C} 
-36 (-39) 
-12 
20 
57 
105 (111) 
%Area 
15 
20 
10 
28 
27 
The dCpldT versus temperature plots for the ENR 25/PMMA IPNs of all three 
composition ratios confirmed the phase separation indicated by DMTA by showing 
transition peaks at the low and high temperature end of the plot. The rubber 
transition was observed as a prominent peak in all three compositions. This signified 
the dominant and continuous nature of the rubber phase. The rubber Tg (peak I) 
showed a small shift to a higher temperature, thereby signifying a limited amount of 
mixing and so the relatively pure nature of this phase. The (percentage) amount of 
this phase reduced as the ENR 25 content in the IPN decreased. Increase in the 
amount of PMMA in the IPNs shifted the peak 5 to a higher temperature indicating 
the formation of domains with a higher PMMA content. Concurrently, the 
percentage of these domains also increased. The same trend was observed with the 
PMMA-rich phase (peak 4). Peak 3 also shifted to a higher temperature but the 
percentage interphase decreased with increase in PMMA content. Peak 2 did not 
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shift much but the percentage of rubber-rich phase increased. The observed trends 
could possibly be explained by the formation of bigger and more domains upon 
increasing the .PMMA content in the IPNs. The central part of these domains would 
have a region of higher PMMA concentration and thus higher Tg whilst the other 
part of the domains have mixed phases. 
The (percentage) amount of interphase did not show a distinct trend with increase in 
PMMA content in the IPNs. The 75:25 IPN yielded 17% interphase while the 50:50 
IPN formed 18 % interphase. The least amount of interphase was detected in the 
25:75 IPN with a value of 10 %. However, the percentage amount of mixed phases 
increased with increase in PMMA content in the IPNs. The 25:75 IPN gave the 
highest percentage of mixed phases (58%) followed by the 50:50 IPN (43 %) while 
the 75:25 IPN gave the lowest value, that is, 25 %. This trend agreed well with the 
suggestion that increase in PMMA content led to the formation of more and bigger 
domains. 
The MTDSC data confirmed the phase separated morphology of the IPNs over the 
composition range studied. Increase in PMMA content possibly led to bigger 
domains and increase in the percentage amount of mixed phases. 
4.3.1.3 Stress-strain measurements 
The mechanical properties of the composition series were studied by tensile testing. 
The tensile strength and elongation at break values are given in Table 4.5. 
Table 4.5 Tensile properties of the ENR 25/PMMA IPNs as a function of 
composition. 
Composition Tensile strength Elongation at break 
.\~e..igh!.r2.g_~L ___________ L~~L __________________________ ('li>L___ -····-·-···--··-
o 4.5 389 
25 
50 
75 
100 
6.9 
20.0 
31.3 
41.9 
79 
194 
139 
8 
2 
A plot of tensile strength versus composition is shown in Figure 4.13. 
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Figure 4.13 Tensile strength versus weight% PMMA content in ENR25/PMMA 
IPNs. 
The tensile strength increased steadily as the content of PMMA in the IPN s was 
increased. The phenomenon observed was the reinforcement of the elastomer by the 
hard and rigid PMMA. Starting with the flexible, but weak, ENR 25 networks 
(tensile strength of 4.5 MPa), the incorporation of PMMA networks increased the 
tensile strength due to the high breaking strength of PMMA. Similar trends were 
observed by others working with sequential IPNs C39•42l. The increase in tensile 
strength corresponding to an increase from 0 weight % PMMA to 25 weight % 
PMMA was gradual. This was perhaps due to the fact that at this composition level, 
the rubber phase was the continuous phase. The continuous phase is known CIOJ to 
influence greatly the mechanical properties of IPNs. When the PMMA content was 
increased to 50 weight %, a steeper increase in tensile strength was observed. This 
was probably due to the attainment of dual phase continuity at this mid-range 
composition, as indicated by the approximately equal peak heights of the two 
components in the DMTA loss factor versus temperature plot. Further increase in 
PMMA content led to the plastomer being the dominant component and the tensile 
strength approached that of the pure PMMA. 
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All the points in the tensile strength versus composition plot were below a straight 
line joining the tensile strengths of the pure homo-networks. The general shape of 
the tensile strength curve was that of a broad minima indicating the immiscibility 
CI04•105J of the two components. 
A plot of elongation at break (E8 ) versus weight % PMMA content is shown in 
Figure 4.14. Es decreased with increasing PMMA content as the IPNs lost the 
elastomeric nature of the ENR 25 and became less extensible due the glassy and rigid 
nature of PMMA. The value of Es was less than 10% for the IPN containing 75 
weight% ofPMMA. 
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Figure 4.14 Elongation at break versus weight% PMMA content in ENR 
25/PMMA IPNs. 
These measurements also revealed that 50:50 composition ratio of ENR 25:PMMA 
gave the best combination of tensile strength and elongation at break. 
On the whole, the stress-strain measurements confirmed the immiscibility of the 
IPNs, as well as the dominance of the elastomeric phase in the 75:25 IPN and the 
dominance of the plastomeric phase in the 25:75 IPN. 
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4.3.1.4 Morphology from Transmission Electron Microscopy 
An attempt was made to study the morphology of the 75:25, 50:50 and 25:75 ENR 
25/PMMA IPNs using TEM. A lot of difficulties were encountered when 
microtoming the samples, especially the 75:25 rubber dominant IPN. In this IPN, no 
sample could be sectioned, even after the material had been hardened and stained 
with osmium tetroxide and embedded in epoxy resin. Finally, this material had to be 
omitted and only the 50:50 and 25:75 IPNs were analysed. The micrographs for 
these IPNs are shown in Figure 4.15. 
Figure 4.15(a) shows the general appearance of the 50:50 IPN. The micrograph 
showed two continuous regions. The darker region represented the stained rubber-
rich phase containing a low percentage of PMMA and gave rise to the dominant and 
slightly shifted elastomer Tg peak. The little black particles seen in this phase was 
probably a staining artefact of osmium tetroxide or osmium dioxide crystals <' 95) that 
were not completely washed away after staining. Within the darker regions, were 
also seen faint and very fine whitish structures of about 50 nanometres in dimension. 
This probably represented fine PMMA phases in the rubber-rich phase. 
The lighter region is the PMMA-rich phase. The slight staining observed in this 
region indicated the presence of some ENR 25. This probably explains the 
significant shifting of the PMMA Tg in this IPN. The micrograph also showed 
PMMA structure that seemed to exist continuously in the dark and light regions. 
This may have resulted from the molecular interdiffusion czo6) and led to a blurring of 
the interface. This complex morphology probably explained the detection of high 
percentage interphase and mixed phases in a phase-separated sample, the fine 
structure contributing to the clarity of the IPN. The micrograph of the 25:75 IPN 
[Figure 4.15(b )] showed similar diffused structure. However, the structure seemed 
simpler without the existence of the distinct high rubber phase. This absence 
probably accounted for less prominence of the rubber Tg peak. The PMMA 
structure coarsened to about 200 nanometres and appeared more prominent than in 
4.15(a). This was probably a purer PMMA phase. This morphology agreed with the 
loss factor profile of a more prominent PMMA peak with less shifting than the 50:50 
IPN. It corroborated well with the dCpldT profile of more prominent PMMA 
transition peak (peak 5), which was shifted less in Figure 4.12 than in Figure 4.11. 
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The diffuse appearance of the micrograph reflects the presence of substantial amount 
of mixed phases, which tallied with the 58 % calculated using MIDSC data. 
Figure 4.15 TEM micrographs for the (a) 50:50 and (b) 25:75 ENR 25/PMMA 
IPNs. 
T ransmission electron micrographs provided visual proof of the phase~separated 
morphology and small domain size inferred from DMTA and MTDSC data. 
However, better agreement was observed between TEM and MTDSC data. One 
possible reason for this is that the loss factor profile ( tO) obtained from DMTA is 
influenced by several factors like domain size and phase continuity, while the dCrfdT 
profile from MTDSC is directly dependent on the heat capacity of the phases <199). 
Besides tills, MTDSC is also a more sensitive instrument, being able to resolve two 
Tgs !0°C apart <199) while the DMTA can only detect two Tgs if they are 20°C apart. 
4.3.1.5 Conclusions from Composition Studies 
The composition studies emphatically showed the immiscibility of the ENR 
25/PMMA IPNs over the composition range studied. Despite the immiscibility, clear 
samples were obtained with a small inward shift of the ENR 25 Tg, but more 
significant lowering of the PMMA Tg. These observations might have been due to 
the formation of very small domains as a result of the cross\ inking in the ENR 25 
limiting the space the PMMA can phase separate into. Consequently, some forced 
mixing was produced. The 50:50 IPNs yielded the best combination of properties, 
and was, thus, chosen for further studies of the IPNs. 
83 
4.3.2 Studies of Crosslinking Level in the ENR 25 Component 
Crosslinks are known <62•65•66) to exert s ignificant influence on the morphology and 
properties ofJPNs. In sequential IPNs particularly, the crosslinking density (SO) of the 
first-formed network would influence greatly how the second network would behave. 
These studies were conducted in order to understand to what extent the level of 
crosslinking in the preformed ENR 25 could affect miscibility in this immiscible 
system. 
For these studies, a series of 50:50 ENR 25/PMMA fPNs with a fixed level of 
cross linking in the PMMA constituent (5 weight % DVB) but with 0.5, 1.0, 1.5, 2.5 
and 3.5 phr DCP in the ENR 25 component were prepared and characterised. 
4.3.2.1 DMT A Studies 
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Figure 4.16 Loss factor versus temperature plots for the 50:50 ENR 25/PMMA 
IPNs with (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.5 and (e) 3.5 phr DCP. 
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Table 4.6 Dynamic mechanical properties of the 50:50 ENR 25/PMMA IPNs 
with different levels of D CP in the ENR 25 component. 
Level of DCP Tg(tan 8, 0 C) Tan 8 maximum Inter-transi tion 
(phr) E R 25 PMMA ENR25 PMMA Height at 60°C 
0.5 -17( -17) 137(141) 0.32(2.33) 0.47(0.36) 0.14 
1.0 -2 1(-17) 137( 141 ) 0.29(2.33) 0.39(0.36) 0.14 
1.5 -1 5(-16) 126(14 1) 0.34(2.32) 0.36(0.36) 0.16 
2.5 -1 3(-15) 121 (141 ) 0.27(2.25) 0.35(0.36) 0.14 
3.5 -10(-1 5) 122( 141 ) 0.26(2.12) 0.30(0.36) 0. 14 
The values in brackets refer to the transition peaks for the homo-networks. 
All the IPNs showed two well separated transition peaks with low inter-transition 
values. The inter-transition values did not change with different levels ofDCP in the 
ENR 25 component. At lower loadings of DCP, the elastomeric Tg did not show a 
significant inward shift in the IPNs. This was possibly due to the fact that at this 
level of crosslink ing, the network was loose enough not to drastically affect the 
domain size. Onl y at higher levels of DCP was the elastomeric transition shift in the 
IPNs more discernible. At the highest level studied (3.5 phr), the elastomeric Tg 
increased by 5°C. 
The highest shift in PMMA Tg was a fall of around 20°C at the higher DCP level. 
This could have been as a result of the tighter rubber network ( tO) allowing only 
smaller domains to phase separate. Interdiffusion at the boundary may produce a 
plasticising effect and loweri ng the Tg. However, the phase mixjng was not 
extensive enough to raise the inter-transition values. As the DCP level was 
increased, the peaks maxjma for both components were reduced indicating that the 
damping ability of both component was lessened. 
As with the elastomeric Tg, it was observed that the PMMA Tg shifting was more 
significant when the DCP level was J .5 phr and rugher. ENR 25 with DCP contents 
below this level probably have loose enough networks not to affect the domain size 
of the second network. 
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Although the va lues of loss factor for the plastomeric region were higher than that of 
the elastomeric region, the actual ratio of peak heights between these two regions 
was approximately I: l if the drift upward in the baseline was taken into account. 
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Figure 4.17 Storage modulus versus te mperature plots for the 50:50 ENR 
25/PMMA fPNs with (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.5 and (e) 3.5 phr 
DCP. 
The storage modulus versus temperature curves al l exhibited the two-step fall in 
modulus characteristic of two-phase materials. It can be observed that all materials 
exhibited sharp eJastomeric transition by the steepness of drop in modulus for this 
region, whilst the more gradual fall in modulus for the plastomeric region was 
indicative of the broader transition of the high Tg component. The Tg shifts were 
less di scernible from these curves than from the loss factor curves. 
The loss modulus curves [see Figure 4 .18] reflected trends observed earlier in the 
loss facto r and storage modulus curves. 
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Figure 4.18 Loss modulus versus temperature plots for the 50:50 ENR 25/PMMA 
lPNs with (a) 0. 5, (b) l.O, (c) 1.5, (d) 2.5 and (e) 3.5 phr DCP. 
4.3.2.2 MTDSC Studies 
T he dCpldT versus temperature data for the 50:50 ENR 25/PMMA TPNs with five 
different levels of DCP in the ENR 25 are shown in Figures 4.1 9, 4.20, 4.21, 4.22 
and 4.23 respectively. 
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Figure 4. 19 dCJdT versus temperature for the 50:50 ENR 25/PMMA IPN with 
0.5 phr DCP. ( I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-rich 
(5) PMMA phase. 
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Figure 4.20 dCpfdT versus temperature plot for the 50:50 ENR 25/PMMA rPN 
with 1.0 phr DCP. ( I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-
rich, (5) PMMA phase. 
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Figure 4.2 I dCpldT versus temperature plot for the 50:50 ENR 25!PMMA IPN 
with 1.5 phr DCP. ( I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-
rich and (5) PMMA phase. 
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Figure 4.22 dCpldT versus temperature plot for the 50:50 ENR 25/PMMA IPN 
with 2.5 phr DCP. ( I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-
rich (5) PMMA phase. 
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Figure 4 .23 dC/ dT versus temperature plot for the 50:50 ENR 25/PMMA IPN 
with 3.5 ph r DCP. ( I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-
rich (5) PMMA phase. 
The results from the resolution of these graphs are shown be low. 
Table 4.7 Resolved peaks of the 50:50 ENR 25/PMMA IPN with 0.5 phr DCP 
in the ENR 25 component. 
Peak Area ~J/g/°C) Location (°C) %Area 
1 0.148 -40 ( -40) 53 
2 0.004 -2 1 
..., 
.) 0.029 -6 10 
4 0.059 33 2 1 
5 0.039 120 (111) 14 
The values in brackets refer to the transition peak of homo-networks. 
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Table 4.8 Resolved peaks of the 50:50 ENR 25/PMMA IPN with 1.0 phr OCP 
in the ENR 25 component. 
Peak Area(J/g/°C) Location {°C2 %Area 
I 0.0145 -39( -39) 34 
2 0.053 -1 6 12 
3 0.122 25 28 
4 0.073 75 17 
5 0.039 122( 111) 9 
The values in brackets refer to the transition peak of homo-networks. 
Table 4.9 Resolved peaks of the 50:50 ENR 25/PMMA IPN w ith 1.5 phr DCP 
in the ENR 25 component. 
--Peak Area (J/g/°C) Location (°C) % Area 
I 0.175 -38( -39) 46 
2 0.032 -23 9 
3 0.056 7 15 
4 0.087 57 23 
5 0.027 120( 11 I) 7 
The values in brackets refer to the transition peak of homo-networks. 
Table 4 . 10 Resolved peaks of the 50:50 ENR 25/PMMA IPN with 2.5 phr DCP 
Peak 
2 
3 
4 
5 
in the ENR 25 component. 
Area (J/g/0 C) 
0.167 
0.050 
0.081 
0.063 
0.095 
Location (° C) 
-35( -39) 
-20 
5 
44 
95( 111 ) 
The values in brackets refer to the transition peak of homo-networks. 
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% Area 
37 
1 ] 
18 
14 
2 1 
Table 4.11 Resolved peaks of the 50:50 ENR 25/PMMA IPN with 3.5 phr DCP 
in the ENR 25 component. 
Peak Area(J/g/°C) Location (° C) %Area 
---1 0.133 -35( -36) 38 
2 0.038 -22 11 
.... 
~ 0. 112 9 32 
4 0.044 49 13 
5 0.025 74(1 11 ) 7 
The values in brackets refer to the transition peak of homo-networks. 
Similar to the DMT A results, MTDSC data showed that incorporating DCP at low 
levels did not produce any significant inward shifting of the two component Tgs. 
However, 2.5 phr DCP increased the rubber Tg by 4°C and lowered the PMMA Tg 
by l6°C. Increasing the DCP level to 3.5 phr raised the rubber Tg by only 1 °C but 
lowered the PMMA Tg by 37°C. The amoun t of shift was dependent on the 
composition of the phases. ENR 25 being the continuous phase from the onset of the 
IPN synthesis might have regions with only a small quantity of PMMA. This is 
particularly true if there were pockets of volumes of unusually high crosslinking 
density. This produced localised area of high ENR 25 concentration, where the 
change in Tg was slight. This region was associated with the prominent peak J in the 
dCpldT versus temperature plot. The MMA on the other hand, could only diffuse 
and phase separate into increasingly limited domain sizes as the crossl ink density in 
the fi rst-formed ENR network was increased. Molecular interdiffusion across the 
interface produced mixed phases. Thus, although complete molecular mixing was 
thermodynamically inhibited, the overall effect of decreasing domain size was a 
considerable lowering in the PMMA Tg. This transition was determined by peak 5 
in the dCpldT versus temperature plot and its location was significantly shifted 
inwards in Figure 4.22 and 4.23 as compared with Figure 4.19. In fact, at the highest 
level of DCP studjed (Figure 4.23), the PMMA transi6on had been reduced to a 
shoulder as substantial amounts of the plastomer went into the mixed phases. 
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Figure 4.24 Tensile strength versus level of OCP in ENR 25 component of 50:50 
ENR 25/PMMA fPNs with 5 weight % DVB in PMMA. 
Figure 4.25 Elongation at break versus level ofDCP in the ENR 25 component of 
50:50 ENR 25/PMMA IPNs with 5 weight% DVB in PMMA 
component. 
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A general trend was observed, whereby, increase in DCP level in the ENR 25 
component led to an increase in the percentage of interphase and mixed phases in the 
CPNs. 
4.3.2.3 Stress-Strain Measurements. 
The effect of cross! ink dens ity in the ENR 25 on the tensile strength and elongation 
at break of the IPNs is shown in Table 4.12. 
Table 4.12 Tensile properties of the 50:50 ENR 25/PMMA IPNs as a function of 
the DCP leve l in the ENR 25 component. 
-Level ofDCP Tensile Strength Elongation at break 
(phr) (MPa) (%) 
0.5 16.4 ± 0.2 406 ± 15 
1.0 16.6 ± 0.2 370 ± 12 
1.5 17.5 ± 0.2 265 ± 10 
2.5 20.0 ± 0.2 139 ± 8 
3.5 2 1.8 ± 0.2 78 ± 5 
Figure 4.24 shows that as the cross link density in the ENR 25 component of the IPNs 
was increased, the tensile strength of the material increased. This observation was 
expected as increase in crosslink density of the first formed network would lead to a 
tighter rubber network and reduce the domain size of the second network and 
improve mixing. The PMMA network then contributed to the load bearing property 
of the material and thereby increasing the stress required to fracture the composite. 
The e longation at break showed the opposite trend to the tensile strength. As the 
crosslinking density in the ENR 25 was increased, E8 decreased. With improved 
mixing, the materia ls acquired more and more of the rigidity and brittleness of 
PMMA and a great reduction in Es was observed. 
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4.3.2.4 Morphology from Transmission Electron Microscopy. 
Of the five IPNs prepared to study the effect of crosslinking density in the 
elastomeric phase, only three were successfully sectioned for TEM studies. 
Micrographs of these are shown in Figure 4.26. 
Figures 4.26 (a) shows the TEM micrograph of 50:50 ENR 25/PMMA IPN with 0.5 
phr DCP. The white phase was the PMMA phase and the dark region was the 
stained rubber phase. Both phases appeared continuous with a diffuse boundary 
separating them. The white PMMA phase was about 1 micron in diameter. Such 
morphology reflected the result of the DMTA studies of two well-separated phases 
with very little shifting of component Tg. ft confirmed the approximately equivalent 
height of the loss factor peak and was also concomitant with the dCpldt versus 
temperature profile of rubber and plastomer phases separated by mixed phases. 
Increasing the DCP level to 1.5 phr greatly reduced the size of the structure to around 
50 to 100 nanometres [Figure 4.26(b) and 4.26(c)]. These micrographs revealed the 
continuous nature of the PMMA phase. This morphology is in agreement with the 
DMT A and MTDSC data. Even fi ner structure was obtained when the DCP level 
was increased to 2.5 phr as seen in Figure 4.26(d). This agreed well with the inward 
shifting of Tgs indicated by DMT A and MTDSC and also explained the high 
percentage of mixed phases detected by MTDSC. 
4.3.2.5 Conclusions from ENR 25 Crosslinkiog Studies 
These studies revealed that the crosslink density in network I can improve mixing 
between the immiscible pair of ENR 25 and PMMA, but only to the extent of 
shifting the two component Tgs inwards and increasing the amount of mixed phases 
by the formation of smaller domains at higher level of crosslinking. Tt did not 
overcome the thermodynamic immiscibility to produce a truly homogenous mix. 
The DCP level of 2.5 phr provided the best combination of improved mixing and 
tensile strength with elongation at break value above 100 %. This level was adopted 
for further studies on the IPNs. 
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Figure 4.26 TEM micrographs for the 50:50 ENR 25/PMMA IPNs with 5 weight 
% ofDVB in the PMMA phase and different levels ofDCP in the 
ENR phase. (a) 0.5, (b) & (c) 1.5 and (d) 2.5 phr DCP. 
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4.3.3 Studies of Crosslinking Level in the PMMA Component 
These studies were conducted to exarn.ine how crosslink density in the second 
network can influence the morphology and properties of the immiscible ENR 
25/PMMA IPN combinations. 
A series of 50:50 ENR 25/PMMA fPNs with 2.5 phr DCP in the ENR 25 component 
were prepared with 0, 2.5, 5, 7.5 and 10% DVB in the PMMA component. 
4.3.3.1 DMTA Studies 
The loss factor versus temperature graphs of 50:50 ENR 25/PMMA IPNs with 
different levels ofDVB in the PMMA component are shown in Figure 4.27. 
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Figure 4.27 Loss factor versus temperature plots for the 50:50 ENR 25/PMlvfA. 
IPNs with 2.5 phr DCP and (a) 0, (b) 2.5, (c) 5.0, (d) 7.5 and (e) 10 
weight% ofDVB. 
The dynamic mechanical data are tabulated below. 
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Table 4.13 Dynamic mechanical properties of the 50:50 ENR 25/PMMA IPNs 
with different levels ofDVB in the PMMA component. 
Level of DVB Tg(tan o, 0 C) Tan o maximum Inter-transition 
(weig~t %) ENR25 PMMA ENR25 PMMA _beight at 50~C 
0 -ll (-15) 125(116) 0.36(2.25) 0.48(1.22) 0.20 
2.5 -13(-15) 126(127) 0.26(2.25) 0.49(1.11 ) 0.16 
5.0 -1 3(-15) 121 (141) 0.27(2.25) 0.35(0.36) 0. 14 
7.5 -12(-15) 122 0.27(2.25) 0.28 0.14 
10.0 -11(-15) 119 0.26(2.12) 0.23 0.13 
The values in brackets refer to the transitio n peak for the homo-networks. 
All the IPN s exhibited two transitions. The first material in the series by virtue of it 
not containing any crosslinker in the PMMA component was actually a semi-I IPN. 
This material showed a slight upward shift of the ENR 25 Tg (4°C), but the PMMA 
Tg was increased from I 16°C to 125°C. This meant that together with the stiffening 
of the rubber phase, the PMMA phase appeared to have stiffened as well . It 
indicated that PMMA segments were less free to move in the IPN than in the pure 
PMMA network. A possible explanation for this phenomenon was the grafting of 
PMMA C208) to ENR following a hydrogen abstraction in the rubber network by free 
radical. Grafting would increase the amount of mixed phases and could account for 
the higher inter-transition values observed in this semi-! IPN. With the rest of the 
materials in the series, increase in DVB level in the PMMA component led to 
inwards shifting of both transitions. The shift in ENR 25 Tg to higher temperatures 
was siight, whilst the shift in PMMA Tg to lower temperatures was more significant, 
especially at higher levels of DVB. The smaller change in the ENR 25 Tg was 
indicative of the presence of a high purity rubber component, as was observed in the 
previous study on the effects of cross link density in ENR 25. In the homo-network, 
increase in the crosslink level in PMMA led to an increase in its Tg (i.e. vaJues in 
brackets) due to the reduced chain mobihty. However, the opposite trend was 
observed in the PMMA Tg in the IPNs, which can only be explained by a more 
pronounced forced mixing effect overridjng the network tightening effect. 
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Figure 4.28 Storage modulus versus temperature plots for the 50:50 ENR 25/ 
PMMA fPNs with 2.5 phr DCP and (a) 0, (b) 2.5, (c) 5.0, (d) 7.5, 
and (e) 10.0 weight % DVB. 
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Figure 4.29 Loss modulus versus temperature plots for the 50:50 ENR 25/PMMA 
IPNs with 2.5 phr DCP and (a) 0, (b) 2.5, (c) 5.5, (d) 7.5 and (e) 10.0. 
weight % ofDVB. 
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Increasing the crosslinking in the PMMA component did not seem to affect the peak 
height of the rubber transition but greatly reduced the peak height of the PMMA 
transition as well as lowering the inter-transition values. 
The storage and loss moduli versus temperature graphs for the 50:50 ENR 
25/PMMA IPNs with 2.5 phr DCP in the ENR 25 component and varying levels of 
DVB in the PMMA component are shown in Figures 4.28 and 4.29. 
The storage and loss moduli graphs confirmed the data of the loss factor graphs 
discussed above 
4.3.3.2 MTDSC Studies 
The graphs of dCtfdT versus temperature for the 50:50 ENR 25/PMMA JPNs with 
five different levels of DVB in the PMMA component are shown in Figures 4.30, 
4.3 1, 4.32, 4.33 and 4.34. The results from the resolution of these graphs are shown 
below. 
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Figure 4.30 dCtfdT versus temperature plot for the 50:50 ENR 25/PMMA IPN 
with 2.5 phr DCP and 0 weight% DVB. (1) ENR, (2) ENR-rich, (3) 
interphase, (4) PMMA-rich (5) PMMA phase. 
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Figure 4.31 dc;JdT versus temperature plot for the 50:50 ENR 25/PMMA IPN 
with 2.5 phr DCP and 2.5 weight % DVB. 
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Figure 4.32 dC/ dT versus temperature plot for the 50:50 ENR 25/PMMA IPN 
with 2.5 phr DCP and 5.0 weight% DVB. (I) ENR, (2) ENR-rich, (3) 
interphase, (4) PMMA-rich (5) PMMA phase. 
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Figure 4.33 dCpt'dT versus temperature plot for the 50:50 ENR 25/PMMA IPN 
with 2.5 phr DCP and 7.5 weight% DVB. 
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Figure 4.34 dCpldT versus temperature graph plot for the 50:50 ENR 25/PMMA 
IPN with 2.5 phr DCP and 10.0 weight% D VB. (1) ENR, (2) ENR~ 
rich, (3) interphase, (4) PMMA-rich (5) PMMA phase. 
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Table 4.13 Resolved peaks of the 50:50 ENR 25/PMMA fPN with 2.5 phr DCP 
and 0 weight % DVB. 
Peak Area J/g/0.9_ Location ~°C2 %Area 
I 0.200 ~32( ~39) 35 
2 0.046 -11 8 
3 0.137 14 24 
4 0.126 80 22 
5 0.064 11 7(100) 11 
The values in brackets refer to the transition peaks of the homo-networks. 
Table 4. 14 Resolved peaks of the 50:50 ENR 25/PMMA IPN with 2.5 phr DCP 
and 2.5 weight % DVB. 
Peak __ Area (J/g/°C Location (°C %Area 
I 0. 147 ~33( -39) 30 
2 0.0073 ~ 10 15 
3 0. 145 45 29 
4 0.088 95 18 
5 0.041 123(1 09) 8 
The values in brackets refer to the transition peaks of the homo-networks. 
Table 4.15 Resolved peaks of the 50:50 ENR 25/PMMA lPN with 2.5 phr DCP 
and 5.0 weight % DVB. 
Peak Area (J/g/°CJ Location (0 C) %Area 
---
I 0. 167 ~35( -39) 37 
2 0.050 -20 11 
3 0.08 1 5 18 
4 0.063 44 14 
5 0.095 96( 11 I) 2 1 
The values in brackets refer to the transition peaks of the homo-networks. 
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Table 4.16 Resolved peaks of the 50:50 ENR 25/PMMA fPN with 2.5 phr DCP 
and 7.5 weight% DVB. 
Peak Area (J/g/°CJ Location COC) %Area 
I 0.167 -36( -39) 43 
2 0.052 -17 13 
3 0.052 10 l3 
4 0.05 1 43 13 
5 0.068 97 17 
The value in brackets refers to the transition peak of the homo-network. 
Table 4.17 Resolved peaks of the 50:50 ENR 25/PMMA IPN with 2.5 phr DCP 
and 10.0 weight% DVB. 
Peak Area (Jigi°C) Location (°CJ %Area 
1 0.164 -36( -39) 54 
2 0.024 -18 7 
..., 
.) 0.067 22 
4 0.025 31 8 
5 0.029 52 10 
The value in brackets refers to the transition peak of the homo-network. 
The dCpldT versus temperature curves of the 50:50 ENR 25/PMMA IPNs with 
varying weight percent of DVB all showed a prominent Tg peak for tbe ENR 25 
component. The Tg of the rubber component showed greater shifting in the semi-I 
IPN (7°C) and the IPNs with lower crosslinking levels in PMMA. As the 
crosslinking in the PMMA component was increased, the shift in the rubber Tg was 
reduced and the smallest shift of 3°C was observed in the IPN with the highest level 
of DVB (10 weight %). This indicated that rubber molecules were more mobile in 
IPNs with highly crosslinked PMMA than in IPNs where the PMMA was either 
linear or more loosely crosslinked. This might be an indication of the affect of 
crosslink level on the ability of the molecule to diffuse. Higher crosslinked 
plastomer would diffuse less into the elastomeric phase and not affect its Tg much. 
Thjs also explained the higher percentage ofpeak (1) in Table 4.17. The reverse was 
observed with the PMMA Tg. Similar to the DMTA data, the semi-! IPN showed the 
PMMA Tg higher than the pure homo-network. This was also observed in the IPN 
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with lowest level of DVB. However, as the cross link level in PMMA was increased, 
the Tg shifted more significantly to a lower value and its transition peak became less 
prominent. A shift of 15°C was observed in IPNs with 5 weight % of DVB. It was 
not possible to quote the Tg ofthe PMMA homo-network with 7.5 and 10 weight% 
of DVB because the peaks for the transition became broad with double maxima. 
This could have arisen from the uneven distribution of crosslink density in the 
PMMA network. As such, the shift in the PMMA Tg could not be quantified in °C. 
Despite this, it was quite obvious that a significant reduction in the PMMA Tg must 
have taken place when the value of 52°C was observed for the IPN with 10 weight% 
ofDVB. The shift in PMMA Tg to a lower temperature indicated that at high level of 
DYB, PMMA did not exist as a pure phase any more due to forced mixing. At 10 
weight %, the peak was reduced to a shoulder as PMMA had substantially gone into 
the mixed phases. 
The percentages of interphase and mixed phases calculated from the resolved peaks 
of the five dCJ dT versus temperature graphs are shown in Table 4.18. 
Table 4.18 Percentage interphase and mixed phases of the 50:50 ENR 25/PMMA 
IPNs with varying levels of DVB. 
----
Level ofDVB % Interphase % Mixed phases 
(weight%) 
0 24 54 
2.5 29 62 
5.0 18 43 
7.5 13 39 
10.0 22 37 
The percentage interphase in this series of IPNs did not show a distinct trend. More 
information can be obtained from looking at the percentage of mixed phases in these 
IPNs. An increase in the level ofDVB in the PMMA component led to a decrease in 
the percentage of mixed phases in these IPNs. The highest percentages of mixed 
phases were found in the semi-I IPN and the IPN with the lowest level of DVB (2.5 
weight %) in its PMMA component. This observation confirms the possibility of 
some grafting taking place in these materials and agrees well with the observed 
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higher tan 8 inter-transition values in the DMTA loss factor versus temperature plots 
in Figure 4.27. 
4.3.3.3 Stress-Strain Measurements 
The tensile properties of the 50:50 ENR 25/PMMA IPNs with varying levels ofDVB 
are given in Table 4.19. 
Table 4.19 Tensile properties of the 50:50 ENR 25/PMMA fPNs with varying 
levels ofDVB. 
Level ofDVB Tensile Strength Elongation at break 
weight %2 ~ %) 
0 19.2 ± 0.2 255 ± 8 
2.5 19.5 ± 0.2 195 ± 8 
5.0 20.0 ± 0.2 142 ± 8 
7.5 20.6 ± 0.2 132 ± 5 
10.0 2 1.2 ± 0.2 130 ± 5 
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Figure 4.35 Tensile strength versus level ofDVB in the PMMA component of the 
50:50 ENR 25/PMMA IPNs with 2.5 phr DCP in the ENR 25 
component. 
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Figure 4.35 shows that as the level ofDVB in the IPNs increases, the tensile strength 
of the IPNs increases. It can be clearly seen that all the full IPNs are stronger than 
the semi-I IPNs. 
The variation of the elongation at break with DVB level in the PMMA component is 
shown in Figure 4.36. The opposite trend to that of tensile strength was shown by 
elongation at break. In this case, increase in level of DVB led to a lowering of the 
elongation that could take place before the sample broke. 
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Figure 4.36 Elongation at break versus level ofDVB in the PMMA component of 
the 50:50 ENR 25/PMMA IPNs with 2.5 phr DCP in ENR the 
component. 
4.3.3.4 Morphology from Transmission Electron Microscopy 
Of the five IPNs with different levels of DVB, only three of them were successfully 
sectioned and examined under the transmission electron microscope. These were 
IPNs with 0, 2.5 and 5 weight% DVB. Their micrographs are shown in Figure 4.37. 
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fn Figure 4.37(a), the sem1-I IPN showed a distribution of domain size ranging from 
50 to 300 nanometres. PMMA region appeared lighter than the unsaturated ENR 25 
which was stained by osmium tetroxide. Both regions seemed to be interconnected. 
Figure 4.37 TEM micrographs for the 50:50 ENR 25/PMMA IPNs with varying 
levels ofDVB. (a) & (b) 0, (c) 2.5, and (d) 5 weight % ofDVB. 
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The white spheres possibly represent higher purity PMMA regions. The generally 
dark appearance of the micrograph might be due to the presence of rubber throughout 
the sample including a small percentage in the PMMA phase. The boundaries 
between the two components were not very djstinct. This diffuse nature of the 
boundaries suggests the possibility of grafting c195) between the two components and 
accounts for the high interphase and rruxed-phases contents of the material as well as 
the relatively high tan 8 inter-transition values. PMMA seemed to dominate the 
micrograph, concurring with the dominance of the plastomeric component as 
observed in the DMTA loss factor graphs. This morphology was al so in agreement 
with the dCpfdT profile, wruch exhibited distinct e lastomer and plastomer transitions 
with a region of mixed phases between them. Higher magnification of the material 
[Figure 4.37(b)] clearly showed the interconnecting nature of the PMM.A region. 
The incorporation of 2.5 weight % DVB seemed to define the boundaries more 
sharply [Figure 4.37(c)]. The domains have increased in size to several micrometres. 
The bigger domains appeared to be made up of a conglomeration of finer particles of 
around 50 to 100 nanometres. The micrograph also showed regions of rubber phase, 
PMMA phase and an intermediate mixed phase discernible by its grey colouring. 
Further increase in cross! ink density led to a blurring of the boundaries, but without 
affecting the mixed region. 
4.3.3.5 Conclusions from PMMA Crosslinkiog Studies 
The level of cross! inking in the PMMA component affected the miscibility of the two 
components. The resultant morphology correlated well with the dynamic mechanical 
and mechanical properties of the IPNs. The semi-I IPN produced higher tan 8 inter-
transition values as well as percent interphase and mixed phases but lower tensile 
strength. IPNs with high levels ofDVB showed higher tensile strength but had lower 
percent interphase and mixed phases as well as damping properties. The 
intermediate level of 5 weight % of DVB offered the best compromise of properties 
and was adopted for further studies ofiPNs. 
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4.3.4 Interoetwork Grafting 
The previous sections in this chapter had proven that ENR 25 and PMMA are 
immiscible. To a very limited extent, some forced mixing could be introduced into 
the system by employing the correct balance of composition ratio and crosslink 
levels in both components. A better way of ensuring forced mixing would be to link 
the two networks and in principle the simplest way of doing this was to incorporate 
intemetwork grafting <71•72>. 
In the current system, the best way to achieve intemetwork grafting was to utilise the 
reactive epoxy groups <178) of the rubber to react with a functional group in the 
plastomeric component. It was decided that an epoxy-carboxylate reaction <178) be 
employed by copolymerising methacrylic acid with the MMA. It was hoped that the 
pendent carboxylic group from the copolymer network would then react with the 
epoxy group from the rubber network, thereby grafting the two networks together. 
I I ) ) 
1-COOH + o<J .,.. f-c-o-~ HOk /""'-I I I I 
MMA + MAA ENR Grafted IPN 
Figure 4.38 Proposed reaction between carboxylic group in (MMA + MAA) 
copolymer and epoxy group in ENR to produce grafted IPN <178>. 
Grafting <71> has been reported to raise the inter-transition tan 8 values and improve 
the damping property of the IPN. In 1997, an undergraduate research project under 
my supervision attempted to produce ENR 25/PMMA/PMAA grafted IPNs. ENR 25 
sheets containing 2.5 phr DCP were used. The monomer molecules in these cases 
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were made up of 97.5:2.5, 95:5, 92.5:7.5 and 90:10 MMA/MAA combinations. 0.2 
weight % AIBN and 5 weight% DVB were added to the mixtures. The vulcan ised 
ENR 25 sheets were swollen in the monomer mix to produce 50:50 composition ratio 
of elastomer/plastomer. The swollen sheets were then treated in the same way as in 
the preparation of normal IPNs. The materials produced were characterised by 
DMTA. The results showed phase separation with low inter-transition values. It was 
concluded that no grafting had been produced. 
ln the current study, higher levels of 25 and 50 weight % MAA in the monomer 
mixture were employed. The fPNs were synthesised in the same way as previously 
outlined in section 3.5. They were later characterised by DMTA, MTDSC and TEM. 
Clear and stiff sheets were obtained at the end of the synthesis. 
4.3.4.1 DMTA Studies 
The loss factor versus temperature profiles the of 50:50 ENR 25/PMMA IPNs with 
0, 25 and 50 weight % MAA contents in the monomer mixture are shown in Figure 
4.39. 
Table 4.20 
Level of MAA 
(weight %) 
0 
25 
50 
Dynamjc mechanical properties of the 50:50 ENR 25/PMMA rPNs 
with different levels ofMAA in the monomer mixture. 
Tg(tan 0. 0 C) Tan o maximum Inter-transition 
ENR 25 PMMAIPMAA ENR 25 PMMN PMAA Height at 63°C 
-13 121 0.27 0.35 0.16 
-1 5 170 0.23 0.27 0.12 
-1 3 191 0.14 0.25 0.10 
The loss factor versus temperature profiles of all three IPNs showed two prominent 
Tg peaks sigrufying gross phase separation. Incorporating 25 and 50% MAA in the 
monomer mixture rud not produce any significant inward shifting of the ENR 25 
component transition. In fact, the opposite trend was observed with the plastomeric 
Tgs. Incorporation of 25 weight % MAA shifted the plastomeric Tg to higher 
temperature by 49°C. This was accompanied by a lowering of the inter-transition tan 
8 value to 0. 12. With the incorporation of 50 weight % MAA, the plastomeric Tg 
was shifted to higher temperature even more by 70°C and the inter-transition tan 8 
Ill 
value levelled off at 0.1. This trend was echoed in the storage and loss moduli versus 
temperature profiles where the rubber transition did not shift, but the plastomeric 
transition shifted to higher temperatures with increase in weight percent MAA. The 
shift to higher temperature in the plastomeric Tg was probably due to the eo-
polymerisation effect producing a stiffer material. 
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Figure 4.39 Loss factor versus temperature plots for the 50:50 ENR 25/PMMA 
IPNs with (a) 0, (b) 25 and (c) 50 weight % MAA in the monomer 
mixture. 
The DMTA results clearly indicated that the grafting attempts had failed. In these 
attempts to produce grafted IPNs, two important processes determined the success of 
the grafting reaction . The first process was the actual oxirane-carboxylic reaction 
given in Figure 4 .38. 
The second process was the phase separation of this immiscible system. Whether 
grafted IPNs could be produced would depend on the relative rates of these 
processes. If the rate of oxirane reaction is higher than the rate of phase separation, 
then grafted IPNs with increased extent of mixing would be produced. However, if 
the rate of phase separation is higher than the rate of the oxirane reaction, then the 
IPNs would phase separate. 
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Figure 4.40 Storage modulus versus temperature plots for the 50:50 ENR 
25/PMMA IPNs with (a) 0, (b) 25 and (c) 50 weight % MAA in the 
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Figure 4.41 Loss modulus versus temperature plots for the 50:50 ENR 25/PMMA 
IPNs with (a) 0, (b) 25 and (c) 50 weight% MAA in the monomer 
mixture. 
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The high level of crosslinking in each phase would have kept these phases apart and 
reduced further the possibility of the epoxy and carboxylic groups approaching each 
other. Dowd (209) reported that the ox.irane reaction is slow at low temperature and 
suggested elevated reaction temperatures of 450 to 500 oc. The reaction can also be 
catalysed by tertiary amines <209>. As very high temperature was not favourable in 
this work, the synthesis was repeated in the presence of 5 weight % 
dimethylbutylamine in an effort to catalyse the oxirane reaction <209) and increase the 
chances of grafting taking place. This did not improve the results. De et a l. ( I ?O) 
found that the reaction between the epoxy groups in ENR and carboxylate groups 
depended on epoxidation level. ENR 50 was found to produce more significant 
reaction than ENR 25. This might be another possible reason for the failure of the 
grafted-IPN synthesis. 
4.3.4.2 MTDSC Studies 
The dCrJdT versus temperature plots of the fPNs with different levels of MAA are 
shown in Figures 4.42, 4.43 and 4.44. 
0.012 -r------------------------, 
0.010 
0.008 
6 
t5 
..e 0.006 
.S2J 
3 
le; 0.004 
a. 
0 
'0 
0.002 
0.000 
(1) 
-50 0 50 
Temperature (oC) 
- dCp/dT profile 
- fit curve 
- resolved peaks 
100 150 
Figure 4.42 dCpldT versus temperature profile of the 50:50 ENR 25/PMMA IPN 
with 0 weight% MAA. (1) ENR, (2) ENR-rich, (3) interphase, 
(4) PMMA-rich, (5) PMMA phase. 
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Figure 4.43 dCp/dT versus temperature profile of the 50:50 ENR 25/PMMA IPN 
with 25 weight % MAA. ( I) ENR, (2) ENR-rich, (3) interphase, ( 4) 
PMMA-rich, (5) PMMA phase. 
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Figure 4.44 dCpldT versus temperature profile of the 50:50 ENR 25/PMMA IPN 
with 50 weight % MAA. ( 1) ENR, (2) ENR-rich, (3) interphase, (4) 
PMMA-rich (5) PMMA phase. 
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Table 4.21 Resolved peaks of the 50:50 ENR 25/PMMA fPN with 0 weight% 
MAA. 
Peak Area {J/g/°C2 Location tC2 % Area 
I 0.167 
-35(-39) 37 
2 0.050 
-20 11 
3 0.081 5 18 
4 0.063 44 14 
5 0.095 96( Ill ) 21 
The values in brackets refer to the transition peaks for the homo-networks. 
Table 4.22 Resolved peaks of the 50:50 ENR 25/PMMA fPN with 25 weight % 
MAA. 
Peak AreaQ/g/°CJ Location (0 C) %Area 
I 0.148 
-37( -39) 20 
2 0.326 13 45 
3 0.003 87 0.4 
4 0.028 124 4 
5 0.219 181 30 
The value in brackets refers to the transition peak for the homo-network. 
Table 4.23 Resolved peaks of the 50:50 ENR 25/PMMA fPN with 50 weight % 
MAA. 
Peak Area.!J.M__°C Location (°C) % Area 
--1 0.175 
-16 (-39) 45 
2 0.055 
-1 14 
3 0.071 54 18 
4 0.070 137 18 
5 0.021 162 5 
The value in brackets refers to the transition peak for the homo-network. 
The dCpldT versus temperature plot of the IPN with 0 weight % MAA [see Figure 
4.42], showed a prominent rubber transition peak, which was slightly shifted inwards 
( 4°C). At the high temperature end, a plastomeric transition peak was observed and 
its location was shifted by 15°C. 
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The dCfi'dT versus temperature plot ofthe IPN with 25 weight% MAA [see Figure 
4.43], showed a prominent rubber transition peak, which was shifted inwards slightly 
less than the one with 0 weight% MMA. The plot showed many peaks and at the 
high temperature end a prominent plastomeric transition peak was observed at 
181 °C, which indicated an outward sruft of 70°C if measured against the pure 
PMMA homo-network Tg. This showed the presence of a substantial amount of the 
copolymer phase, which indicated a lower extent of mixing than that expected in a 
grafted system. Despite the fai lure of the grafting attempt, a substantial amount of 
mixed phases (49%) was detected in this IPN. 
Increasing the MAA content to 50 weight% [see Figure 4.44] produced a significant 
shift (23°C) of the prominent rubber transition to higher temperature. This 
considerable shift in peak I meant that the elastomer was not present in a pure phase 
but rather as a highly mixed one. The high percentage of peak 1 emphasising further 
that significant mixing had occurred. At the high temperature end a double transition 
peak was observed, the higher one located at 162°C. This location was 19°C lower 
than the plastomer of the rPN with 25 weight% PMAA and clearly represented some 
mixing. The low percentage of peak 5 also signified that the rest of the copolymer 
had gone into the mixed phases. The high percentage of mixed phases (50%) 
confirmed the occurrence of substantial mixing in this IPN. 
In conclusion, it was observed that incorporating 25 weight % MAA in the monomer 
mixture reduced the extent of mixing in the 50:50 ENR 25/PMMA IPN. However, 
increasing the MAA content to 50 weight % seemed to have increased the extent of 
m1xmgagam. 
4.3.4.3 Morphology via TEM 
The TEM micrographs of IPNs with 0 and 25 weight% MAA are shown in figure 
4.45. 
The TEM micrograph of the 50:50 ENR 25/PMMA IPN containing 25 weight% 
MAA [Figure 4.45(b)] showed a slight coarsening of the structure. Although there 
were two phases present, they were separated by a diffuse region. 
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Figure 4.45 TEM micrographs for the 50:50 ENR 25/PMMA IPNs with (a) 0 and 
(b) 25 weight% MAA. 
The morphology agreed well with the dC! dT profile obtained by MTDSC and 
accounted for the high percentage of mixed phases. 
4.3.4.4 Conclusions on Internetwork Grafting 
The attempt to introduce intemetwork grafting was not successful under the present 
conditions studied. The grafting of natural rubber in latex medium has been reported 
<
208) . Bloomfie ld (208) described the grafting of PMMA onto natural rubber c hains by 
polymerising MMA in natural latex using benzoyl peroxide. By controlling the 
amount of stabiliser used and allowing adequate time for diffusion of monomer into 
the rubber, the combination of PMMA and natura l rubber was favoured. This may 
be an alternative and a more suitable medium for preparing grafted IPNs ofENR. 
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4.3.5 Miscibility Studies 
The previous sections were involved with studies of the immiscible pair of ENR 
25/PMMA. It was found that although some forced mixing could be achieved by 
varying the composition or crosslink densities ofthe components as indicated by the 
inward shifting of Tgs, the inter-transition values remained low. In this section, 
PMMA was substituted by PEMA and PBMA. This was done in order to synthesise 
IPNs of polymer pairs with closer solubility parameter values and consequently 
higher miscibility as well. 
50:50 ENR 25/PEMA and ENR25/PBMA lPNs with 2.5 phr DCP and 5 weight % 
DVB were studied. 
4.3.5.1 DMTA Studies 
The loss factor versus temperature graphs of the 50:50 ENR 25/PMMA, ENR 
25/PEMA and ENR 25/PBMA IPNs are shown in Figures 4.46, 4.47 and 4.48. 
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Figure 4.46 Loss factor versus temperature plot for the 50:50 ENR 25/PMM.A 
IPN. 
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Figure 4.47 Loss factor versus temperature plot for the 50:50 ENR 25/PEMA TPN. 
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Figure 4.48 Loss factor versus temperature plot for the 50:50 ENR 25/PBMA IPN. 
The dynamic mechanical properties of these IPNs are given in Table 4.24. 
The difference in solubility parameter between ENR 25 and PMMA is 1.2(MPa) tn, 
between ENR 25 and PEMA is 0.9(MPa) 112 and ENR 25 and PBMA is 0.4(MPa)112. 
Based on these values, it is expected that the order of miscibility with ENR 25 is 
PBMA>PEMA>PNn0A. 
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Table 4.24 
IPNs 
ENR25/PMMA 
ENR 25/PEMA 
ENR25/PBMA 
Dynamic mechanical properties of the 50:50 ENR 25/PMMA, 
ENR 25/PEMA and ENR25/PBMA IPNs. 
Tg(tan o, °C) Tan o maximum Minimum 
ENR25 Methacrylate ENR25 Methacrylate inter -transition 
height 
-1 3(-15) 121(141) 0.27(2.25) 0.35(0.36) 0.14 
-11 (- 15) 81(1 19) 0.30(2.25) 0.38(0.78) 0.19 
-7(-15) 40(74) 0.43(2.25) 0.41(0.87) 0.36 
The values in brackets refer to the transition peaks for the homo-networks. 
Table 4.25 
Polymer 
ENR25 
PMMA 
PEMA 
PBMA 
Solubility parameters ofiPN components. 
8 M a)112 
17.4 (19) 
18.6 (20) 
18.3 (20) 
17.8 (20) 
This trend was reflected in the loss factor versus temperature graphs for the three 
IPNs. Although the three graphs all showed two glass transitions, significant inward 
shifting of Tgs was observed and the inter-transition height increased from 0. 14 for 
ENR 25/PMMA to 0.19 for ENR 25/PEMA and 0.36 for ENR 25/PBMA IPNs. In 
the ENR 25/PMMA IPN, Tgs of ENR 25 and PMMA shifted by 2°C and 20°C, 
respectively. In the ENR 25/PEMA IPN, these shifts were 4°C and 38°C 
respectively, while in the ENR 25/PBMA IPN, they were 8°C and 34°C. 
As mentioned in section 3.7.2, the simple gauge to the damping properties (SS) of a 
material is its tan 8 value. Tan 8 value of greater than 0.3 spanning a temperature 
range wider than 70°C is considered desirable for a damping material. Of the three 
IPNs studied in this section, only the 50:50 ENR 25/PBMA IPN fulfilled this 
requirement. This material exhibited tan 8 > 0.3 spanning a temperature range of 
83°C, from -16°C to 67°C. 
4.3.5.2 MTDSC Studies 
The dCr/dT versus temperature plots for the 50:50 ENR 25/PMMA, ENR 25/PEMA 
and ENR 25/PBMA IPNs are shown in Figures 4.49, 4.50 and 4.51. 
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Figure 4.49 dCpldT versus temperature plot for the 50:50 ENR 25/PMM.A JPN. 
(I) ENR, (2) ENR-rich, (3) interphase, (4) PMMA-rich (5) PMMA 
phase. 
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Figure 4.50 dCpldT versus temperature plot for the 50:50 ENR 25/PEMA IPN. 
(1) ENR, (2) ENR-rich, (3) interphase, (4) PEMA-rich 
(5) PEMA phase. 
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Figure 4.5 1 dCpldT versus temperature plot for the 50:50 ENR 25/PBMA IPN. 
( l ) ENR, (2) ENR-rich, (3) interphase, (4) PBMA-rich (5) PBMA 
phase. 
The peak resolution results of the above graphs are tabulated below. 
Table 4.26 Resolved peaks of the 50:50 ENR 25/PMM.A IPN. 
Peak Area J/g/°C) LocationCOC) %Area 
l 0.167 
-35( -39) 37 
2 0.050 
-20 11 
3 0.08 1 5 18 
4 0.063 44 14 
5 0.095 96( 111 ) 21 
The values in brackets refer to the transition peaks for the homo-networks. 
Table 4.27 Resolved peaks of the 50:50 ENR 25/PEMA IPN. 
Peak Area (J/g(OC) Location(°C) % Area 
J 0.188 
-35 ( -39) 47 
2 0.029 
-18 7 
3 0.076 
-3 19 
4 0.095 44 24 
5 0.013 82 3 
The value in brackets refers to the ENR 25 homo-network transition peak. 
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Table 4.28 Resolved peaks of the 50:50 ENR 25/PBMA IPN. 
Peak Area (J/g/°C) Location(°C) %Area 
0.232 
-37 (-39) 52 
2 0.089 
-27 20 
3 0.075 9 17 
4 0.019 43 4 
5 0.028 73 6 
The value in brackets refers to the ENR 25 homo-network transit ion peak. 
It was not possible to quote the Tg of the PEMA and PBMA homo-networks at this 
crosshnk level, as the observed peaks were very broad. This indicated a distribution 
of crosslink density. As such, the shift in the plastomer transition for the 50:50 ENR 
25/PEMA and ENR 25/PBMA TPNs could not be quantified. 
The dCpfdT versus temperature plots for both the 50:50 ENR 25/PEMA and ENR 
25fPBMA IPNs exhibited prominent ENR 25 transition peak, which was slightly 
shifted. However, unlike the corresponding plot for the ENR 25/PMMA IPN, these 
did not show a proper peak for the plastomer transition. In the graph for the ENR 
25fPEMA IPN, the plastomer transition was reduced to a shoulder, while that for the 
ENR 25/PBMA was observed as a smooth hump. This clearly indicated that the 
plastomers were not present in substantial amount as pure component but rather as 
mixed component. The percentage interphase estimated did not vary greatl y between 
the three IPNs. These values for the ENR 25/PMMA, ENR 25/PEMA and ENR 
25/PBMA IPNs were 18%, 19% and 17%, respectively. This seemed to contradict 
the mixing indicated by DMTA and expected from the relative solubility parameter 
va lues. 
However, although the percentage interphase did not give values reflecting the 
occurrence of substantial mixing, the graphs did show big peaks for the other mixed 
phases, that is, the plastomer-rich phase in the ENR 25/PEMA JPN and the rubber-
rich phase in the ENR 25/PBMA IPN. In other words, some mixing had taken place, 
but to form other mixed phases and not necessarily just what we call here the 
interphase. 
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The values of the percentage mixed phases also did not show any distinct trend 
between these IPNs. The percentage mixed phases was 43% in the 50:50 ENR 
25/PMMA IPN. This value increased to 50% in the 50:50 ENR 25/PEMA IPN due 
to the increase in rruscibility of tltis polymer pair compared to the former pair. The 
value of 41 % mixed phases in the supposedly more miscible 50:50 ENR 25/PBMA 
IPN was rather unexpected. 
However, the dCpldT versus temperature profile in Figures 4.49, 4.50 and 4.51 did 
show an increase in the elastomeric phase [peak (1)] with increase in miscibility. 
The percentage of peak (l) was 37, 47 and 52% in the ENR 25/PMMA, ENR 
25/PEMA and ENR 25/PBMA IPNs, respectively. At the same time, there was a 
significant reduction in the plastomeric phase [peak (5)] with increase in miscibility. 
The percentage of peak (5) was 21, 3 and 6% in the ENR 25/PMMA, ENR 25/PEMA 
and ENR 25/PBMA IPNs, respectively. This simultaneous depletion of peak (5) 
together with the enlargement of peak ( I) could be explained by the substantial 
mixing of the plastomeric component into the elastomeric region without an 
observed increase in the percentage of mixed phases. 
4.3.5.3 Morphology from Transmission Electron Microscopy 
TEM micrographs of the 50:50 ENR 25/PMMA and ENR 25/PEMA IPNs are shown 
in Figure 4.52. The 50:50 ENR 25/PBMA IPN sample could not be sectioned for 
TEM examination. 
Figure 4.52(a) revealed dark interconnected rubber-rich phase in a matrix ofPMMA-
rich phase. There were no distinct boundaries and the two phases seemed to merge 
into each other gradually. In fact, the micrograph appeared to inrucate the presence 
of PMMA in the rubber phase. Likewise, the presence of rubber in the PMMA 
phase. The morphology agrees well with the general profiles obtained from DMTA 
and MTDSC, of a slightly shifted elastomeric phase and a more significantly sltifted 
plastomeric phase separated by mixed phases. 
Figure 4.52(b) shows the micrograph of the 50:50 ENR 25/PEMA IPN. This high-
magnification micrograph revealed a very fine structure of mixed elastomer and 
plastomer with domains of approximately 3 to 5 nanometres were observed. This 
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very fine morphology probably accounted for the increased tan o inter-transition 
values and shifting of Tgs detected by DMTA, as well as the high percentage of 
mixed phases estimated by MTDSC. 
Figure 4.52 TEM micrographs of the (a) 50:50 ENR 25/PMMA and (b) 50:50 
ENR 25/PEMA IPNs. 
4.3.5.4 Conclusions from Miscibility Studies 
As predicted by the solubility parameter values, 50:50 IPN of ENR 25/PBMA 
showed higher miscibility than that of ENR 25/PEMA, which in turn was more 
miscible than the ENR 25/PMMA IPN. Evidence of this was found in the higher 
inter-transition tan 5 vaJues and significant inward shifting of the component Tgs. 
MTDSC resuJts showed the absence of pure plastomer peak and the TEM 
micrographs showed a fine morphology that correlated well with the other findings. 
The 50:50 ENR 25/PBMA IPN showed suitable damping properties of tan 8 > 0.3 
over a temperature range of 83°C, from -1 6°C to 67°C. 
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CHAPTERS 
IPNS BASED ON ENR 50 
CHAPTERS 
IPNS BASED ON ENR 50 
5.1 Introduction 
ln this chapter, the other commercially available ENR, ENR 50 was used to prepare 
50:50 ENR 50/PMMA, ENR 50/PEMA and ENR 50/PBMA IPNs. The higher mole 
percent epoxidation in this rubber has been reported 09> to increase its polarity and 
solubility parameter. 
Table 5.1 
Polymer 
ENR25 
ENR50 
PMMA 
PEMA 
PBMA 
Solubility parameters of IPN components. 
- -- -------:-::--
8 (Mpa)112 
17.4(19) 
18.1(19) 
18.6 (20) 
18.3 (20) 
17.8 (20) 
The differences in solubility parameter values between these polymer pairs are 
obviously smaller than those studied in chapter 4. Consequently, higher miscibility 
was expected in the IPNs studied in this chapter. These IPNs were characterised in 
simi lar ways to the earlier lPNs to study how the better miscibility affected their 
morphology and properties. Based on information gained in chapter 4, 50:50 
composition ratio, 2.5 phr of DCP in the elastomer and 5 weight % DVB in the 
plastomer components were used in the current IPNs. 
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5.2 Dynamic Mechanical Thermal Analysis Studies 
T he loss factor versus temperature profiles for these IPNs are shown in Figures 5. 1, 
5.2 and 5.3. 
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Loss factor versus temperature plot for the 50:50 ENR 50/PEMA lPN. 
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Figure 5.3 Loss factor versus temperature plot for the 50:50 ENR 50/PBMA JPN. 
The dynamic mechanical properties of these IPNs are tabulated below. 
Table 5.2 Dynamic mechanical properties of the 50:50 ENR 50/PMMA, ENR 
50/PEMA and ENR 50/PBMA IPNs. 
fP Tg (tan o,0 C) Tan o maximum 
ENR 50 Methacrylate ENR 50 Methacrylate 
ENR 50/PMMA 10(2) 11 9(141 ) 0.24(2.35) 0.35(0.36) 
ENR 50/PEMA 10(2) 75(1 !9) 0.33(2.35) 0.44( 0. 75) 
ENR 50/PBMA 9(2) 39(74) 0.56(2 .35) 0.51(0.86) 
The values in brackets refer to the transit ion peaks for the homo-networks. 
Minimum 
inter-transition height 
0. 16 
0.30 
0.51 
The loss factor versus temperature profile of the 50:50 ENR 50/PMMA rPN still 
exhibited two peaks, sigrtifying immiscibi lity. This is further reinforced by the low 
inter-transition values of 0.16. However, the rubber Tg shifted inwards by 8°C 
compared to a shift of 2°C that was observed with ENR 25. The increase in rubber 
Tg indicated a stiffening of the rubber network due to mixing with some of the 
PMMA component. The PMMA Tg shifted inwards by 22°C, which was margina lly 
more than the 20°C shift observed in the ENR 25/PMMA IPN. This substantial 
softening was due to the plastic ising effect of the rubber upon the plastomer. ln the 
loss factor versus temperature profile of the 50:50 ENR 50/PEMA IPN, the two 
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component Tg peaks were becoming less prominent due to the higher inter-transition 
values, the minimum ofwhich was 0.30. This clearly indicated mixing between the 
two components. This value was significantly higher than that of the 50:50 ENR 
25/PEMA IPN, which was 0.18. The ENR 50 Tg shifted by 8°C, whi lst an inward 
shift of 44°C was observed in the PEMA Tg. In the 50:50 ENR 25/PEMA IPN, the 
equivalent shift was 4° and 38°C, respectively. The highest level of mixing was 
observed in the 50:50 ENR 50/PBMA IPN. Tn this case, the plastomer Tg peak had 
been reduced to a shoulder, as the inter-transition values became level with it and a 
minimum value of 0.51 was recorded. In the 50:50 ENR 25/PBMA IPN, this value 
was 0.35. The inward shifts in Tgs were 7°C and 35°C for the rubber and plastic 
component, respectively. Similar values were obtained in the 50:50 ENR 25/PBMA 
fPN. 
Of the three IPNs studied in this section, two IPNs showed good damping 
property<55) . The 50:50 ENR 50/PEMA TPN showed tan o value > 0.3 over a 
temperature range of I 05°C, from soc to 11 ooc. The 50:50 ENR 50/PBMA IPN 
showed an effective damping range of77°C, from -2°C to 75°C. 
These DMTA results clearly indicated improved m1xmg with increase in the 
molecular weight of the alkyl side group of the methacrylates, as well as higher 
miscibility in the ENR 50 IPNs in comparison with the ENR 25 IPNs. 
5.3 Mod ulated Temperature Differential Scanning Calorimetry Studies 
The dCpldT versus temperature plots for these IPNs are shown in Figures 5.4, 5.5 and 
5.6. The dCpfdT versus temperature profile for the 50:50 ENR 50/PMMA IPN in 
Figure 5.4 showed a prominent ENR 50 transition peak at -17°C, exhibiting an 
inward shift of 2°C in comparison with the homo-network. In the original dCpfdT 
curve, the PMMA transition peak appeared to have not been shifted but had been 
reduced to a small bump indicating the presence of only a small amount of this 
plastomer in the pure state. The resolved peaks showed big peaks for the rubber-rich 
phase, peak (2), and the central interphase, peak (3), indicating that substantial 
mixing had taken place. 
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The results of peak resolution are tabulated below. 
Table 5.3 Resolved peaks for the 50:50 ENR 50/PMMA IPN. 
Peak Area (Jig/°C) Location (°C) % Area 
I 0.124 -1 7(-1 9) 26 
2 0.163 -2 34 
3 0.127 50 26 
4 0.025 85 5 
5 0.045 111 (111) 9 
The values in brackets refer to the transition peaks for the homo-networks. 
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Table 5.4 Resolved peaks of 50:50 ENR 50/PEMA IPN. 
Peak AreaQ /g/°C Location °C %Area 
-- ------1 0.156 -1 6(-19) 41 
2 0.147 0 38 
3 0.021 30 5 
4 0.016 50 4 
5 0.044 69 11 
The value in brackets refers to the transition peak for the ENR 50 homo-network. 
Table 5.5 Resolved peaks of 50:50 ENR 50/PBMA IPN. 
Peak Area(} I g/°C) Location (°C) % Area 
I 0.303 -18(-1 9) 73 
2 0.0 13 4 3 
3 0.037 20 9 
4 0.015 39 4 
5 0.047 64 11 
The value in brackets refers to the transition peak for the ENR 50 homo-network. 
The dCp/dT versus temperature profile for the 50:50 ENR 50/PEMA IPN in Figure 
5.5 showed a considerable enJargement of peak (1 ), but a reduction of peak (3). A 
possible explanation for this observation was that a substantial amount of the 
plastomer was mixing with the elastomer. This reflected well the higher miscibility 
between ENR 50 and PEMA and agreed with the high inter-transi6on values and 
transition shifting detected in DMT A. The prominent rubber Tg peak was shifted 
inward by 3°C. The homo-network peak for PEMA at this cross link level was broad 
with multiple peaks due possibly to a distribution of crosslink density. As such, it 
was not possible to assign a specific Tg peak and to quanti fy the plastomeric Tg shift 
in the 50:50 ENR 50/PEMA IPN. A general observation that can be made is that, in 
this material the plastomer did not exhibit a prominent Tg peak. [nstead, it was 
observed as small bumps similar to the one in the 50:50 ENR 50/PMMA IPN. It can 
thus be deducted that the pure plastomer was only present in a small amount in this 
IPN. 
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The dCpi'dT versus temperature profile for the 50:50 ENR 50/PBMA fPN in Figure 
5.6 shows that peak ( 1) had enlarged further while peaks (2), (3) (4) and (5) had 
reduced. A possible explanation for this is that due to the high miscibility between 
ENR 50 and PBMA, the plastomer had mixed into the elastomeric phase. The 
elastorneric Tg was not shifted much, despite the suggested level of mixing. This 
was probably due to the low Tg of the PBMA homo-network. The 50:50 ENR 
50/PBMA IPN plastorneric Tg shift cannot be quantified for the same reason as for 
the 50:50 ENR 50/PEMA fPN above. Due to the way mixing was taking place in 
these IPNs, increase in miscibility actually resulted in a reduction in the percentage 
interphase and mixed phases. 
5.4 Morphology from Transmission Electron Microscopy 
The TEM micrographs of the 50:50 ENR 50/PMMA and ENR 50/PEMA IPNs are 
shown in Figure 5.6. The 50:50 ENR 50/PBMA IPN could not be sectioned 
satisfactorily for TEM examination. 
Figure 5.6(a) showed the TEM micrograph of the 50:50 ENR 50/PMMA TPN. 
Surprisingly, this micrograph showed a very homogeneous structure even at high 
magnification. This seemed to contradict the find ings of DMT A which showed two 
Tg peaks with low inter-transition values. On the other hand, the dCpldT versus 
temperature plot for this IPN showed the absence of a plastomer transition peak 
signifying that PMMA was not present as a pure separate phase, but as a component 
of the mixed phases. The prominent peak (3) meant that a substantial amount of the 
plastomer had gone into the interphase composition achieving considerable mixing. 
This may explain the homogenity observed in the micrograph and the high interphase 
percentage (26%) and mixed phases (65%) 
The morphology of the 50:50 ENR 50/PEMA IPN is shown in Figure 5.6(b). This 
micrograph revealed a fine structure, which seemed eo-continuous. Embedded in 
thi s structure were white particles of PEMA-rich phase, about 100 nanometres in 
diameter. Further magnification showed interconnected structures [Figure 5.6(c)]. 
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Figure 5.6 TEM micrographs of the 50:50 (a) ENR 50/PMMA, (b) and (c), ENR 
50/PEMA IPNs. 
5.5 Conclusions 
As predicted from the solubility parameter values, ENR 50 showed a higher degree 
of miscibility with PMMA, PEMA and PBMA compared to ENR 25. IPNs with 
significantly shifted component Tgs and high inter-transition loss factor values can 
be prepared using ENR 50 and these alkyl methacrylates. The order of miscibility 
with ENR 50 was found to be PBMA>PEMA>PMMA. The 50:50 ENR 50/PEMA 
IPN showed good damping property of tan o > 0.3 over a temperature range of 
1 05°C, from 5°C to 11 0°C. The 50:50 ENR 50/PBMA IPN showed tan o > 0.3 over 
a temperature range of 77°C, from -2°C to 75°C. 
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CHAPTER6 
CONCLUSIONS AND FURTHER WORK 
6.1 Conclusions 
IPNs of ENR 25 with PMMA, PEMA and PBMA were prepared using the sequential 
method. The effects of composition ratio, the levels of crosslinking in both 
components and internetwork grafting on the morphology and mechanical properties 
of the IPNs were studied. The IPNs were characterised by DMTA, MTDSC and 
tensile measurements and these results were correlated with the morphology of the 
materials as observed by TEM. IPNs of ENR 50 with PMMA, PEMA and PBMA 
were also prepared and characterised. 
IPNs based on ENR 25. 
IPNs based on ENR 25 and PMMA with composition ratios of 75:25, 50:50 and 
25:75 ENR 25:PMMA were prepared. The loss factor versus temperature data of all 
the IPNs showed two well-separated transitions with low inter-transition values, 
indicating the low extent of miscibility in these IPNs. The two-component Tgs were 
shifted inwards in relation to the Tgs of the homo-network. The rubber Tg increased 
only slightly, indicating the presence of a high purity rubber phase. The plastomer 
Tg showed more significant shift indicating that it has been plasticised by the 
presence of rubber in its domains. The 50:50 IPN showed approximately equal peak 
heights for the two transitions denoting possible dual phase continuity at this 
concentration. The storage modulus profile of all IPNs showed two-step fall m 
modulus, again highlighting the two-phase morphology of the material. 
The MTDSC data confirmed the two-phase morphology by exhibiting peaks at the 
high and low temperature ends of the curve. Again, the rubber Tg showed a low 
shift while the PMMA Tg exhibited a more significant decrease. Increase in PMMA 
content in the IPNs led to an increase in the percent of mixed phases. 
Both the plots of tensile strength and elongation at break versus weight percent 
PMMA content showed negative deviation from additivity and thus confirmjng the 
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immiscibility of the IPNs. Tensile strength increased while elongation at break 
decreased with increase in weight percent PMMA content. 
TEM micrographs of the 50:50 and 25:75 IPNs showed dual phase continuity and a 
phase separated morphology. The phase boundary appeared blurred. The 50:50 IPN 
showed a more complex morphology with the presence of high rubber content 
regions within the matrix of the mixed phase. Domain sizes of around 50 
nanometres were observed. This small dimension probably accounted for the clarity 
ofthe sample. The structure was observed to coarsen to 200 nanometres in the 25:75 
IPN. 
Increasing the level of cross! inking in the ENR 25 component shifted the component 
Tgs inwards, but without much affecting the inter-transition loss factor values. The 
shift in the plastomer Tg was higher than that observed in the rubber Tg. These 
effects, however, were only observed with 2.5 phr and higher loadings ofDCP in the 
ENR 25 component. Below this level, no effect was observed with increase in DCP 
content. [ncreasing the level of cross! inking in the ENR 25 component also had the 
effect of reducing the loss factor peak height and hence, lowering the damping ability 
of the material. 
Increasing the level of cross linking in the ENR 25 component increased the tensile 
strength, but reduced the elongation at break of the 50:50 ENR 25/PMMA IPNs. 
MTDSC studies supported the DMTA findings that at very low DCP levels, 
increasing the DCP loadings did not produce any significant effects. At 2.5 phr and 
above, increase in DCP loading shifted the component Tg inwards. The effect was 
more pronounced on the PMMA Tg as the peak for the highest temperature transition 
[peak (5)] was not only greatly shifted, but it was also diminished in size into a mere 
hump in the dCpl'dT versus temperature profile ofiPN with 3.5 phr DCP. 
The TEM studies revealed a dual phase continuity and phase separated morphology 
with diffused boundaries. Increase in the levels of DCP in the rubber component 
reduced the domain size of polymer network II (PMMA). 
137 
-- --- ----------------
Increasing the level of DVB in the PM:MA component led to inwards shifting of 
component Tgs, but did not affect the inter-transition loss factors much. The PMMA 
Tg was more significantly affected by this variation than the ENR 25 Tg. The semi-I 
IPN showed an outward shift in plastomeric Tg and yielded higher inter-transition 
loss factor values. 
MTDSC results showed that increasing the levels of DVB in the PMMA component 
shifted the rubber Tg slightly to higher temperatures. The semi-I IPN and IPN with 
2.5 weight % DVB showed an outward shift in the PMMA Tg. At hjgher weight 
percent DVB, increase in DVB content reduced the plastomeric Tg. The percentage 
interphase estimated, however, showed a scatter as the dCpldT versus temperature 
profile inmcated that upon mixing the PMMA component entered other parts of the 
mixed phases and not necessarily the central interphase region. Increase in DVB 
level, however, reduced the percentage of mixed phases in the IPNs. 
Similar trends in tensile strength and elongation at break properties were observed 
upon increasing DVB content as those observed earlier in increasing DCP content. 
Tensile strength increased while elongation at break showed a drop. 
The TEM micrograph of the 50:50 ENR 25/PMMA IPN with 0 weight % DVB 
showed a eo-continuous phase separated morphology for this semi-I IPN. Embedded 
in this structure were domains of PMMA. These domains were responsible for the 
prominent PMMA Tg. Domain boundaries appeared slightly blurred. The 
incorporation of 2.5 weight % DVB seemed to have produced bigger PMMA 
domains with sharper boundaries. Further increase to 5 weight% DVB produced a 
finer morphology and the di sappearance of the pure PMMA domains. This 
coincided with the reduction in size of the PMMA Tg peak and its shifting to a lower 
temperature. The matrix was possibly a mixed phase with rugh PMMA content. 
Scattered in the matrix were regions of high ENR 25 content. These domains, 
however, showed quite diffuse boundaries. 
In the studies of inter-network grafting, gross phase separation was seen in the IPNs 
contairung PMAA. It can be deduced that no substantial amount of grafting had 
taken place. The incorporation of 25 weight % MAA in the monomer mixture 
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shifted the plastomeric Tg to a higher temperature accompanied by a lowering of the 
inter-transition loss factor values. A similar, but more pronounced, effect was 
observed when the MAA content was increased to 50 weight% of the monomer mix. 
The dCr /dT versus temperature profile showed that incorporation of 25 weight % 
MAA introduced a double peak plastomeric transition at a higher temperature than 
the original PMMA transition peak. However, a substantial percentage of mixed 
phases were still detected. Further increase to 50 weight% MAA srufted the rubber 
transition peak inwards. The double plastomeric transition peaks were sti ll present 
although they were shifted to a slightly lower transition temperature. The percentage 
mixed phases decreased slightly. 
The TEM micrographs showed that incorporating 25 weight % MAA m the 
monomer mix led to a coarsening of the domains. 
In the miscibility studies, DMT A results showed two transition peaks for the 50:50 
ENR 25/PEMA and ENR 25/PBMA lPNs. Despite the small difference in their 
solubility parameters, these IPNs still phase separated. Their expected miscibility, 
however, was observed in the significantly shifted component Tgs. These IPNs also 
exhibited increased inter-transition loss factor values. The 50:50 ENR 25/PBMA 
IPN yielded tan 5 values 2 0.3 over a temperature range of 83°C. 
Some miscibility was also indicated in the MTDSC results by the flattening of the 
plastomeric transition peak. This happened as only a small weight fraction of the 
plastomer existed in its pure form as most of it had entered the other mixed phases. 
The percentage mixed phases did not reflect the higher miscibility expected with the 
longer alkyl methacrylates. However, increased miscibility in the 50:50 ENR 
25/PEMA and ENR 25/PBMA IPNs could possibly be accounted by the 
simultaneous enlargement of the elastomeric transition peak with the reduction of the 
plastomeric transition peak. This observation could possibly be interpreted as the 
mixing of the plastomer into the elastomeric phase. 
TEM micrographs of the 50:50 ENR 25/PEMA IPN revealed a very fine structure of 
mixed elastomer and plastomer with domains measuring 3 to 5 nanometres. 
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Based on the above information, the following conclusions can be made about the 
ENR 25/polymethacrylate IPNs: 
• The ENR 25/PMMA IPNs were immiscible in all the composition ratios studied. 
Some forced mixing could be achieved in the sequentially synthesised IPNs. 
Crosslinking in both components could influence mixing to a limited extent. 
• Attempts to graft the 50:50 ENR 25/PMMA IPNs were not successful , as the 
carboxylate-epoxy reaction was probably a slower reaction than phase separation 
under the conditions of synthesis employed in this study. 
• The 50:50 ENR 25/PBMA IPN was more miscible than the 50:50 ENR 
25!PEMA LPN, which in turn was more miscible than the 50:50 ENR 25/PMMA 
IPN. The 50:50 ENR 25/PBMA IPN exhibiting loss factor values ~ 0.3 over 
83°C temperature range was the only one which showed good damping 
properties. 
IPNs based on ENR 50 
ENR 50 exhibited greater miscibility towards PMMA, PEMA and PBMA than did 
ENR 25. The order of miscibility was PBMA>PEMA>PMMA. With all three 
methacrylates, miscibility was manifested by considerable inward shifting of 
component Tgs, as well as increment in the inter-transition loss factor values. The 
50:50 ENR 50/PEMA IPN showed loss factor values of ~ 0.3 over a l05°C 
temperature range while the 50:50 ENR 50/PBMA lPN showed loss factor values ~ 
0.3 over a 77°C temperature range. 
The results from DMTA, MTDSC and TEM correlated well. The dCpldT versus 
temperature curves, however, gave a better profile of the IPNs as the increment in 
heat capacity was directly dependent on the mixing of the components. The loss 
factor trace of DMT A, although is a good indicator of miscibility, is also dependent 
on other factors like phase continuity and domain size. 
Analysis of the resolved peaks of the dCpldT versus temperature plots obtained using 
MTDSC provided a new method of studying the state of mixing in a polymer blend. 
More information regarding mixed phases can be obtained. 
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6.2 Difficulties Encountered 
The biggest problem faced in carrying out this research was that of sample 
preparation for TEM examination. Some samples were so rubbery that it was not 
possible to prepare ultra-thin specimens from them. The tearing of the specimens 
was also another factor that reduced the number of samples examined by TEM. 
6.3 Suggestions for Future Work 
1. The attempt to graft ENR and PMMA had fail ed. This was probably because 
at the conditions employed for the polymerisation and crosslinking of the 
second polymer network, the rate of epoxy-carboxylate reaction was a lot 
lower than the rate of phase separation. It would be interesting to find out 
how the same IPN system would behave in latex form and in the presence of 
a suitable catalyst. 
2. ENR can be grafted with PMMA using the same method employed for 
grafting PMMA onto NR chains. This grafted ENR can be used as a 
compatibiliser between ENR and PMMA to reduce phase separation. It will 
be interesting to find out the effect of incorporating this compatibiliser on the 
morphology and properties ofENR/PMMA IPNs. 
3. The IPNs can be analysed using the Small Angle X-ray Scattering Technique 
to obtain the amount of interphase present. The results can be compared with 
that obtained by MTDSC. 
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